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We present spectroscopic data on the electronic structure of YbS under pressure. From resonant x-ray
emission and x-ray absorption spectra in the high-resolution partial fluorescence yield mode, we find that the
Yb valence increases from 2.3 at ambient pressure to 2.6 at 360 kbar. The accuracy of these estimates is
enhanced by a combined analysis of emission spectra measured as a function of the incident and emitted
energy. The spectral line shapes reflect the mixed character of the electronic states, intermediate between
atomic and bandlike.
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I. INTRODUCTION

Rare earth(RE) monochalcogenides, like many RE-based
materials, exhibit interesting physical phenomena associated
with the partially filled 4f orbitals. In particular, the Sm, Tm,
and Yb monochalcogenides undergo semiconductor-metal
transitions,1 associated with valence changes. It has been
suggested that at the transition a 4f electron is promoted into
the 5d conduction band, following the pressure-induced re-
duction of their energy separation.2 Theory confirms that, for
sufficiently high pressures, the trivalent configurations of the
RE ions are thermodynamically more stable than the divalent
ones.3,4 Transition pressure values have been estimated by
ab initio calculations combining an atomic-like description
of the f electrons with an itinerant description of the other
electronic degrees of freedom.5 A complete description of
these systems should also take into account the possibility of
intermediate-valent(IV ) ground states, and of noninteger
changes in the 4f population. However, this complex theo-
retical problem is far from being solved. Moreover, direct
experimental knowledge of the 4f occupation under pressure
is scarce.

Yb monochalcogenides are characterized by the high sta-
bility of the divalent sYb2+d 4f14 configuration, expressed
by larger(by ,1.5 eV) values of the third ionization poten-
tial relative to the corresponding Sm and Tm cases. There-
fore, whereas moderate pressuressp,50 kbard are enough
to reach an IV ground state in Sm and Tm compounds, sev-
eral hundreds of kilobars are needed for the Yb
monochalcogenides.6–9 The variation of 4f occupation is re-
flected in the pressure dependence of the lattice constants,
due to the substantially smaller size of the trivalent ion. YbS,
which does not exhibit the NaCl to CsCl structural change of
other RE monochalcogenides, is an especially clear case.
Compressibility data6,10 show that the experimental pressure
violating (PV) relation is intermediate between those of the

Yb2+ and Yb3+ configurations, and suggest a rearrangement
of the electronic structure in the 150–200 kbar range. This
interpretation is supported by self-interaction corrected-local
spin density(SIC-LSD) calculations, which points to a va-
lence instability in YbS around 75 kbar.5 At 300 kbar the
specific volume of YbS is half-way between the divalent and
trivalent reference curves, indicating that the Yb valence is
still far from 3. A lattice parameter scaling yieldsv=2.4 at
250 kbar, but the uncertainty is rather larges±0.15d, because
reference volume values are not well established at high
pressures.

Spectroscopic data of the 4f occupation under pressure is
rather scarce. The optical reflectivity spectrum of YbS shows
a pronounced edge close to 1 eV. This feature, characteristic
of the Yb ion only, was interpreted as an excitation of
d→ f character.10 Pressure shifts the absorption band to
lower energies. The measured optical 4f −5d gap (,1 eV)
and its decrease rate with pressure suggests the onset of
f-d energy overlap(and the consequent valence change) near
100 kbar and the closure of the gap near 200 kbar The
semiconductor-metal transition is confirmed by a change of
color, from black to golden yellow above 200 kbar.

The Yb valence in YbS has also been studied by x-ray
absorption(XAS) at the YbL2,3 edges. The XAS process is
element specific and probes the local 5d-like configuration at
the Yb site. In Ref. 11 the valence of YbS was estimated to
increase from,2 at ambient pressure to,2.5 at 300 kbar by
analyzing the change of the YbL3 absorption line shape. An
accurate determination of valence from absorption data is
however hindered by the broad line shapes which reflect the
short lifetime of the final excited state.

Recent advances in synchrotron radiation spectroscopies
have opened possibilities to circumvent this problem. We
present here results on the electronic structure of YbS be-
tween ambient pressure and 360 kbar. We performed YbL3
XAS measurements in the high-resolution partial fluores-
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cence yield (PFY) mode, and resonant x-ray emission
(RXES) measurements as a function of incident and emitted
photon energy. These techniques are well suited to study the
pressure and temperature induced valence change in Yb ma-
terial, because of the bulk sensitivity and the resonant en-
hancement, as previously shown in metallic IV Yb materials
such as YbAgCu4 and YbAl2.

12,13We extend here the analy-
sis to a more ionic, insulating compound.

II. EXPERIMENT

The YbS single crystals were prepared via elemental syn-
thesis. Sulfur was obtained by cracking H2S gas at
600–700°C. Stoichiometric amounts of metal and sulfur
weighted to the nearest of 5 mg, in batches of approximately
0.1 mole, were introduced into a fused alumina crucible con-
tained in a quartz tube. The tube was then sealed off under
vacuum and heated first to 500–600°C until all sulfur va-
pors disappeared, then to 800–900°C for 5–6 h. The
samples were then sintered in purified argon at
1500–1600°C.

The sample was optically characterized by reflectivity
measurements performed over a spectral range extending
from the far infrared up to the ultraviolet. Our spectra agree
with previous data.2,9,10This confirms the good quality of the
samples. Besides the strong phonon modes in the far infrared
spectral range, the optical spectra display several absorptions
above 1 eV, ascribed to electronic interband transitions. The
onset of the gap, coinciding with the 4f-5d t2g transition, is at
,1 eV. The final multiplet states of the 4f14-4f135d st2g,egd
transitions lead to absorption features between 2 and 10 eV.

X-ray measurements were performed at beamline ID16 at
the European Synchrotron Radiation Facility(ESRF). The
beamline is equipped with a fixed-exit Sis111d monochro-
mator and a toroidal focusing mirror providing a 130
350 mm2 sH3Vd beam spot at the sample position. The
samples were crushed into powder and loaded in a diamond
anvil cell along with ruby chips, using high-strength Be as
gasketting material. Pressure values were measuredin situ by
a conventional ruby fluorescence technique. The experiment
was performed in radial geometry, i.e., both the incident and
scattered radiation passed through the Be gasket, in order to
avoid the strong absorption by the diamonds. The intensity
loss through the pressure cell was estimated at about one
order of magnitude. The emitted beam was analyzed by a 1
-m radius spherically-bent Sis620d crystal and detected by a
Peltier-cooled Si diode. The total experimental resolution
was,1.5 eV The acquisition time for the PFY spectra was
,15 min. For the RXES spectra it varied between,15 and
,25 min, depending on the incident energy. The count rate
under pressure was,500 cps on the peak with excitation at
the Yb2+ resonance. All data were collected at room tempera-
ture.

III. RESULTS AND DISCUSSION

The La1 PFY spectra of YbS were obtained by recording
the intensity of the Yb 2p54f ned→3d 94f ned decay channel
(ed is the electron added to a continuum state ofd character)

as a function of incident energy at the YbL3 edge. We col-
lected photons in a 1 eV energy window around
hn0=7.415 keV, which corresponds to the maximum of the
fluorescentLa1 emission (i.e., following excitation well
above theL3 threshold). This reduces the intrinsic spectral
broadening with respect to a traditionalL3 XAS experiment,
from ,4.5 to,1.5 eV, as determined by the lifetime of the
2p and 3d final state core-hole, respectively.14 It has been
shown15 that PFY spectra do not strictly coincide with ab-
sorption spectra deconvoluted by their final state lifetime.
However the better contrast is of great help in evaluating the
relative intensity of the divalent and trivalent spectral fea-
tures, which are representative of the valence changes. PFY
spectra of YbS measured up to 360 kbar(Fig. 1) exhibit two
structures at,8.946 and 8.952 keV in theL3 edge region.
These features correspond to transitions from the Yb2+ and
Yb3+ components of the mixed valent ground state
suC0l=au4f13l+bu4f14ld. The Coulomb interaction between
the “spectator” 4f hole and the 3d core hole in the excited
final state separates the two continua 3d 94f14ed and
3d 94f13ed by ,6 eV. The intensity ratio of the two peaks
decreases with pressure.

A quantitative estimate of the valence change in YbS can
be obtained by decomposing each PFY spectrum in its 2+
and 3+ contributions. We modeled the spectrum by the su-
perposition of two phenomenological lineshapes shifted by
,6 eV. In order to reproduce the sharp edge and the con-
tinuum region of the spectrum, each line shape was the sum
of a Gaussian and an error function. Best results were ob-
tained by assigning a different Gaussian width for the diva-
lent [full width at half maximum(FWHM)=4 eV] and triva-
lent component(FWHM =7 eV), while the width of the error
function was kept at a constant value of 1.5 eV, correspond-
ing to the lifetime broadening of the 3d→2p decay channel.
We impose that the sharp edge inflection point be located at
the center of the Gaussian profile. PFY spectra at different
pressures were then fitted by changing only the relative in-
tensities of the two line shapes. The typical quality of the fit
is illustrated in the lower panel of Fig. 1. This analysis does
not account for a weak preedge shoulder(vertical arrow),
which we attribute to 2p→4f quadrupolar transitions.
Such transitions are dipole-forbidden, and are possible only
from the trivalent 4f13 configuration. The intensity ratio
of the electric-quadrupolar to the electric-dipolar trivalent
component is constants,0.04d for all spectra, which
supports our interpretation. The Yb valencev was evaluated
as v=2+I3+/ sI2++ I3+d where I2+ and I3+ are the integrated
intensity of the 2+ and 3+ components. The values are re-
ported in Fig. 6(circles).

Because we consider an inelastic emission channel, here,
as well as for our RIXS data, reabsorption effects on the
outgoing path for the 2+ and 3+ peaks can be neglected. The
(nonresonant) absorption of the two signals in fact only dif-
fers by,0.1%, and our valence estimates would be affected
by much less than their error bar.

Figure 1 also shows the result of a convolution of the PFY
spectrum at ambient pressure by a Lorentzian line shape with
FWHM =4.5 eV(the lifetime width of the 2p3/2 core-hole) to
simulate a conventional XAS spectrum.16 Clearly, the broad
line shape makes the evaluation of the relative intensity of
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Yb2+ and Yb3+ rather arbitrary. It would also mask possible
differences in the spectral components.

In a previous analysis of PFY spectra of YbAl2 we have
used identical line shapes for Yb2+ and Yb3+,13 consistent
with the XAS literature on IV Yb intermetallics.17 That
choice would not be possible here. In order to confirm this,
we performed calculations of the XAS final state multiplets
for both Yb configurations, which clarifies the origin of the

different widths, and suggests an explanation for this dis-
crepancy. The results of the atomic calculation, for which we
used Cowan’s code,18 are shown in Fig. 2. The ground state
configurations were 2p64f145d0 sYb2+d and 2p64f135d1

sYb3+d, and the usual rescaling of the Slater integrals to 80%
of their Hartree-Fock value was applied to account for intra-
atomic screening effects. DipolarsE1d transitions were cal-
culated for both configurations, and the quadrupolarsE2d
transition for Yb3+. The E1 multiplets for Yb2+ and Yb3+

consist of, respectively, 2 and 68 lines, theE2 multiplet con-
sists of 8 lines. The multiplet were convoluted with a Lorent-
zian line shape with FWHM =1.5 eV, corresponding to the
lifetime of the 3d core-hole in the PFY final state, and all
calculated curves were rescaled by arbitrary factors to ease
visual comparison with the experimental spectrum. The
atomic calculation cannot reproduce the measured spectral
shape but provides important information on the energy dis-
tribution of the multiplets. Namely, it indicates that the en-
ergy width of the Yb3+ PFY peak is due to the larger spread
of the final state multiplet, thus providing a rationale for the
different phenomenological line shapes of Fig. 1. Of course,
in a more realistic calculation each final state would acquire
an energy width of the order of the conduction bandwidth.
Such broadening would largely dominate the spectrum of
metallic materials having a broad band[almost 15 eV wide
(Ref. 19)], like YbAl2. On the contrary, the fingerprint of the
underlying atomic multiplet remains visible in more ionic
materials with narrower bands, like YbS, where the 5d band
extends over,6 eV.

A further, similarly accurate determination of the Yb va-
lence may be obtained by RXES. The RXES experiment
consists here of measuring the emission spectra correspond-
ing to the decay of the excited state to final states where the
2p3/2 hole was filled by a 3d5/2 electronshnOUT,7.4 keVd,
after a primary resonant excitation of a Yb 2p electron(as in
Yb L3 XAS). In the RXES final state the Coulomb interac-
tion due to the 3d core-hole splits the divalent and trivalent
spectral features, similarly to XAS. Moreover, because of the
resonant process, the 2+ and 3+ configurations can be sepa-
rately enhanced, depending on the incident energy. Thus, the
evolution of the spectral shape as a function of the excitation

FIG. 1. Upper panel: Yb L3 PFY spectra of YbS measured at
pressures between 0 and 360 kbar(given on the left), showing the
progressive transfer of spectral weight from 2+ to 3+ components.
The thin dotted spectrum simulates a “normal” XAS spectrum and
is obtained by convoluting the upper spectrum with the L3 XAS
final state lifetime. Lower panel: Decomposition of the PFY spec-
trum at p=160 kbar(dots) into the divalent and trivalent compo-
nents(thin solid lines). The thick solid line is the sum of the two
fitting components. The arrow points to the quadrupolar pre-edge
feature.

FIG. 2. Calculation of the atomic multiplet of the 2p→5d tran-
sition for two different ground state configurations 2p64f14 sYb2+d
and 2p64f135d1 sYb3+d. Dipolar sE1d and quadrupolarsE2d transi-
tions were calculated with Cowan’s code(see text for details).
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energy and its change with pressure provide information on
the Yb electronic configuration.

For each pressure point indicated in Fig. 1, RXES spectra
were measured at various excitation energieshnIN along
the L3 absorption edge. Figure 3 shows representative
RXES spectra at 50 and 160 kbar, plotted as a function
of the transferred energyshnT=hnIN −hnOUTd. Emission
features with Yb2+ and Yb3+ character are identified at
hnT2

=1.529 keV±0.5 eV andhnT3
=1.535±0.5eV, as indi-

cated by the thin vertical lines. The incident energies at
which the resonances occur do not coincide with the maxima
of the 2+ and 3+ peaks in the PFY spectrum, where the
spectral energies arise from a combination of intermediate
and final states. The valence variation versus pressure is evi-
dent from the changes in the relative weight of the divalent
and trivalent peaks. At 50 kbar the spectral intensity at large
hnT andhnIN mainly comes from fluorescent emission from
Yb2+. Valence changes were determined by decomposing the
RXES spectra, and evaluating the integrated RXES intensity
of Yb2+ and Yb3+ at the maximum of their respective reso-
nance profiles. The procedure follows that of YbAl2 in Ref.
13, but the line shapes are different, reflecting the more ionic
character of YbS. Examples of decomposition are given in
Fig. 4, for p=50 and 160 kbar. Spectra excited below the
Yb2+ resonance were fitted first, since they only require two
components. The Yb3+ line shape is phenomenologically
modeled by a Lorentzian whose intensity and width are op-

timized by fitting the high energy-transfer side of each spec-
trum. We find that the width changes as a function ofhnIN
from 10 to 5 eV, due to the resonant narrowing typical of the
second order emission process. The Yb2+ line shape does not
exhibit a similar narrowing, because the incident energy does
not span a comparable range below threshold. The divalent
line shape is obtained by subtraction of the Yb3+ signal. Be-
yond the Yb2+ resonance the fit requires an additional com-
ponent describing normal fluorescence. The divalent weight
rapidly vanishes, the trivalent intensity is scaled to match the
leading edge of the spectrum with the constraint that the
peak position of the fluorescent contribution, obtained by
subtracting from the spectra the line shapes of Yb2+ and
Yb3+, must be constant versushnOUT. The valence values
obtained by this procedure are reported in Fig. 6(triangles).

A separate analysis of RXES spectra excited well below
the absorption thresholdshnIN =8.936 keVd yields an inde-
pendent estimate of the Yb valence. In this case the absence
of the fluorescent contribution simplifies the analysis(see
Fig. 5). When all spectra are normalized to the same height
of the divalent peak, the intensity of the trivalent feature is
an indicator of valence changes. We used a Gaussian profile
for Yb2+ and obtained the line shape of Yb3+ by subtracting
the divalent part from the spectrum at ambient pressure. Fits
of the spectra at all pressures were performed adjusting the
intensity of the trivalent signal.20

The lower panel of Fig. 5 displays the emission spectra
for Yb3+ and Yb2+ from the Kramers-Heisenberg formula,
with atomic cross sections calculated by Cowan’s code. The
experimental spectrum at ambient pressure is displayed in

FIG. 3. Yb La1 RXES spectra measured at 50 and 160 kbar at
2 eV incident energy steps. The spectra corresponding to the
maxima of the 2+ and 3+ resonance profiles are highlighted(thick
solid line). The incident energies are indicated by the dots on the
PFY spectrum at ambient pressure(inset).

FIG. 4. La1 RXES spectra measured at 160 kbar(black dots)
and 50 kbar(white dots) at incident energies corresponding to the
divalent and trivalent resonance of Yb(hnIN =8.942 keV andhnIN

=8.952 keV, respectively). The spectra are decomposed in their di-
valent component(light gray), trivalent component(dark gray), and
fluorescence component(white).
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the same panel(thin line). The asymmetric line shape of
Yb3+ shows a remarkable resemblance with the result of the
fit. The calculated atomic Yb2+ line shape is much narrower
than the measured one, which is affected by the bandwidth of
the 5d states. The energy spread of the Yb3+ atomic multiplet
is so large that the effect of the extended states is much less
visible.

Figure 6 summarizes the various estimates of the Yb va-
lence values from the present work. The spread of the ex-
tracted values is representative of the residual uncertainties
in the estimate(less than ±0.5). Our data show differences
from values extracted from XAS(Ref. 11), namely, a larger
valence s,2.3 versus,2d at ambient pressure. Given the
bulk-sensitivity of the technique, the effect of a possible

surface contamination from trivalent Yb2O3 should be
negligible, especially in the measurements at ambient
pressure which were performed on an intact single crystal
sample. It seems likely instead that the accuracy of the pre-
vious estimates fromL3 XAS measurements could suffer
from the broad line shapes. The valence variation we mea-
sure s,0.3d fully agrees with the theoretical prediction of
Ref. 5, although with a clear discrepancy on the ambient
pressure value, which we find to be larger than calculated.

IV. CONCLUSION

In summary, we have measured partial fluorescent yield
and resonant x-ray emission spectra of YbS under pressure
up to 360 kbar. These spectroscopic techniques have access
to the electronic configuration and are therefore direct and
highly sensitive probes of the valence state. We observe large
changes in the valence, but even at the highest reached pres-
sure the transition toward trivalency is far from complete.
The hybridization between the 4f states and the 5d band
increases under pressure, and leads to a gradual change from
the metallic to the insulating state.
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