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Surface valence transition in SmS by alkali metal adsorption
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The electronic structure changes of SmS surfaces under potassium (K) doping are elucidated us-
ing synchrotron-based core-level photoelectron spectroscopy and angle-resolved photoelectron spectroscopy
(ARPES). The Sm core-level and ARPES spectra indicate that the Sm mean valence of the surface increased
from the nearly divalent to trivalent states, with increasing K deposition. Carrier-induced valence transition
(CIVT) from Sm** to Sm>* exhibits a behavior opposite to that under conventional electron doping. Excess
electrons from K atoms are transferred to S sites and the liberated electrons from Sm** ions due to CIVT at
the surface are trapped like local excitons around the Sm** ions, which is inconsistent with the phase transition
from the black insulator with Sm”>" to the gold metal with Sm*" under pressure. This CIVT helps to clarify the
pressure-induced black-to-golden phase transition in this material, which originates from the Mott transition of

excitons.

DOLI: 10.1103/PhysRevB.107.L.041102

At the boundary between localized and itinerant electron
systems in solids, such as strongly correlated electron sys-
tems, fluctuations in the degrees of freedom of the electrons
are origins of a variety of physical properties, especially un-
conventional superconductivity and giant magnetoresistance.
Among such systems, the physical properties of rare-earth
compounds mainly originates from the hybridization between
the conduction electrons and 4f electrons, namely c-f hy-
bridization as well as the Kondo effect [1,2]. Then, clarifying
the valence condition and change gives us an understanding
of the origin of the physical properties [3—6]. Among many
valence fluctuation materials with rare-earth ions, samarium
monosulfide (SmS) is a typical material indicating a pressure-
induced valence transition.

In SmS, the physical properties strongly depend on the
valence of the Sm ions [7]. At ambient pressure, SmS acts as
a black-colored semiconductor with an indirect band gap of
about 0.1 eV (namely black phase) [8,9], where the Sm ions
are almost divalent [10]. In the angle-resolved photoelectron
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spectroscopy (ARPES) spectrum, the top of the Sm>* 4f
multiplet are localized at the binding energy of about 0.5 eV
from the Fermi level [11]. In the optical conductivity spectra,
indirect and direct energy gaps have been observed at the
photon energies of ~0.1 eV and ~0.5 eV, respectively [12],
which have been assigned the optical transition from the top
of the valence band at the I point to the bottom of the con-
duction band at the X point and to the saddle point at the
I' point, respectively [8]. With applying pressure above the
critical pressure of 0.65 GPa, the sample changes to a golden-
yellow-colored metallic behavior (namely golden phase) but
with a narrow gap, which is similar to that of SmBg at
ambient pressure [13]. Although this pressure-induced black
insulator-to-golden metal phase transition (BGT) was discov-
ered more than 50 years ago [7], the origin of this phase
transition still remains under debate [14]. In the golden phase,
the mean valence of Sm becomes nearly trivalent [10] and
a large conduction band consisting of the Sm 5d band is
expected to exist, which will be strongly hybridized with the
Sm 4 f states [15]. This could be confirmed by the optical con-
ductivity measurement under pressures [12]. To understand
the electronic structure in the golden phase, ARPES mea-
surement should be performed under high pressure, but the
experimental technique is still a challenging topic. Instead, the
band structure in SmS with applied chemical pressure due to
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yttrium (Y) substitution has been reported with ARPES [16].
By the substitution, the Sm 4f and 5d bands approach the
Fermi level and cross each other, which is consistent with
the band deformation due to applying pressure. However, a
possibility of a metallic conduction path by a carrier doping
from Y ions was also suggested [17], i.e., it has not been clar-
ified yet which is the essential origin—lattice compression or
carrier doping. Recently, a phase transition like the pressure-
induced one has been reported due to two different types of
perturbations: light irradiation and current injection [18,19].
These perturbations are commonly expected to increase carri-
ers, namely carrier-induced valence transition (CIVT), but the
detailed electronic states with carrier doping have not been
clarified yet.

Alkali metal adsorption on crystal surfaces is a widely
used method to investigate the effects of carrier injection
into materials [20,21]. Owing to the electron doping from
the alkali metal to the sample, the sample surface becomes
negatively doped; sometimes a band structure rigidly shifts
to the higher binding energy side. The doping concentration
can be precisely manipulated by controlling the total amount
of deposition. This technique is occasionally combined with
ARPES to observe the unoccupied electronic states [22-24]
and is also employed to observe the negative electron affinity
on semiconductor surfaces, owing to the formation of the
surface electric double layer [25]. Therefore, through alkali
metal adsorption, a well-defined, carrier-doped SmS surface
can be realized. Such a surface would serve as a suitable
candidate for investigating the carrier doping effect.

In this Letter, we have studied the change of the elec-
tronic structure by potassium (K) doping on a SmS surface by
synchrotron-based ARPES and core-level photoelectron spec-
troscopies. With increasing the amount of the K deposition,
the Sm mean valence at the surface was increased from nearly
divalent to trivalent, which is the opposite behavior observed
in many materials, i.e., the mean valence normally decreases
due to electron donation from the adsorbed alkali metal to the
surface. This CIVT gives us important infomation in terms of
clarifying the pressure-induced BGT in this material.

High-quality single-crystalline SmS was grown using the
vertical Bridgman method in a high-frequency induction fur-
nace [9]. A clean SmS surface was obtained via cleaving
in situ in an ultrahigh vacuum chamber at room tempera-
ture (RT). K atoms were evaporated with a well-degassed
alkali metal dispenser (SAES-Getters) at RT. The adsorption
of K atoms on the samples was examined using core-level
photoelectron spectroscopy, as shown in Fig. S1 in the Sup-
plemental Material [26] (see, also, Ref. [27] therein). The
thickness of K atoms was evaluated by using quartz microbal-
ance and calibrated by the intensity of the K 3p and Sm
4p core levels. In this work, one monolayer (ML) of the
evaporated K atoms was defined as the atomic density of
bulk SmS.

ARPES and core-level photoelectron spectroscopy mea-
surements were performed at BL5U of UVSOR-III and
BL-2A MUSASHI of Photon Factory, with photon energies
ranging from 35 to 1500 eV with p polarization. The en-
ergy resolutions of the ARPES and core-level photoelectron
spectroscopy were set to ~30 and ~100 meV, respectively.
The energy resolution and position of the Fermi level were

calibrated using the Fermi edge of the evaporated Au film. All
the measurements were performed at RT.

Figures 1(a)-1(d) show the core-level spectra of Sm 3d and
4d as a function of the K deposition thickness. From Fig. 1(a),
the Sm trivalent (Sm**) and divalent (Sm>*) multiplet peaks
are observed at kinetic energies of ~58 and ~68 eV, respec-
tively. For O-ML deposition (pristine SmS), the intensity of
the Sm?* peak was higher than that of the Sm>* peak, sug-
gesting that the Sm ions were nearly divalent. With increasing
K deposition thickness, the Sm*" component gradually be-
came dominant. After the deposition of more than 5 ML, the
core-level spectral shape remained unchanged, suggesting the
saturation of the K adsorption. Since the substrate temperature
was kept at RT through the whole experiment, the adsorption
would be limited to a few monolayers, similar to that of
other alkali metal adsorbed on semiconductor systems such
as Cs/Si(001) surface [28].

As shown in Figs. 1(b)-1(d), the Sm** components be-
came dominant with an increase in the K deposition thickness,
similar to the results shown in Fig. 1(a). However, the rate of
increase decreased as the kinetic energy of the photoelectrons
increased. These results can be explained by the kinetic energy
dependence of the effective traveling length of photoelectrons,
as illustrated in Fig. 1(e). In the present case, the Sm 3d and
4d core levels excited by 1150 eV [Fig. 1(a)] and 1500 eV
[Fig. 1(d)] photons are expected to be the most surface and
bulk sensitive, respectively.

To obtain further information regarding the change in the
Sm mean valence due to the K adsorption, the mean valence
was evaluated from the peak area ratio between the Sm*>* and
Sm>* components in the core-level spectrum after subtracting
the Shirley-type background, as shown in Fig. 1(f). With refer-
ence to the typical relationship between the kinetic energy and
the inelastic mean free path of photoelectrons [29], the mean
valences as a function of the photoelectron mean free path
were obtained, as indicated by the marks in Fig. 1(g). The best
fit and the obtained surface and bulk mean valences, deter-
mined via fitting with the formula in Supplemental Material 3,
are presented as dashed lines in Fig. 1(g). (Another evaluation
method for the depth dependence of the Sm mean valence
is shown in S5 of the Supplemental Material. The obtained
mean valences of the surface and bulk states evaluated by the
method are almost consistent with that by our method.) Using
these fitting parameters, the mean valences on the surface
and in the bulk as a function of the K deposition thickness
can be evaluated, as shown in Fig. 1(h). In pristine SmS, the
mean valence at the surface was slightly closer to the divalent
state than that of the bulk, as is generally observed in valence
fluctuation materials [30], because of the lattice expansion
at the surface. The mean valence of the surface component
increased with the K deposition thickness below 2 ML. This
behavior, however, is not typical because alkali metal adsorp-
tion is usually effective for electron doping. The maximum
value of the surface mean valence was approximately 3.0,
which is almost identical to that of the golden phase of SmS
under high pressures. By contrast, in the bulk region, the mean
value changed slightly from 2.4 + 0.1 to 2.1 & 0.15 with the
increasing K content. These results suggest that the mean
valence of the Sm ions on the SmS surface can be easily
increased via electron doping, even though the bulk valence
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FIG. 1. (a),(b) Sm 3d and (c),(d) Sm 4d core-level spectra of SmS single crystals as a function of the amount of K deposition, with
excitation photon energies at (a),(c) 1150 eV and (b),(d) 1500 eV. (e) Schematic of the photoemission detection depth for different kinetic
energies. (f) Sm mean valence depending on K deposition, evaluated from the peak area ratio between the Sm>* and Sm** multiplets after
subtracting the Shirley-type background. (g) Sm mean valence as a function of the mean free path of photoelectrons. Dashed lines indicate the
fitting curves expected with a two-layer model, shown in Supplemental Material S3. (h) Surface and bulk Sm mean valences as a function of

the amount of K deposition, evaluated with the two-layer model.

is conserved. It should be noted that the absorption spectrum
at the Sm L edge suggests that the bulk mean valence of
Sm at ambient pressure is approximately Sm>* [10], which
is inconsistent with our data. This discrepancy can be due to
different probing depth in different methods.

The change of the mean valence is expected to be strongly
influenced in the valence band ARPES spectra. The ARPES
spectra of K-adsorbed SmS (K/SmS), as compared with those
of pristine SmS, are shown in Fig. 2. The bulk Brillouin zone
(BZ) of SmS is shown in Fig. 2(a). To identify the I" point
along the surface normal (k;) wave number, the excitation
photon-energy dependence of the valence band spectrum at k,
=k, =0 A1 was measured, as shown in Fig. 2(b). The multi-
plet structure of the flat Sm>* 4/’ final states and dispersive S
3p bands were observed near ~1.5 and ~4.5 eV, respectively.
Note that the measured photoelectron spectra do not directly
reflect the ground state of the SmS. In strongly electron cor-
related materials, the n — 1 electron system, which is the n
electron system minus one electron by photoexcitation, is
observed as a photoelectron spectrum. By setting the inner
potential to 14.1 eV from the folded period of the S 3p band,
which is identical to that previously evaluated [16], hv ~
60 eV and ~95 eV correspond to the I' and X points along
the k, direction, respectively. Figure 2(c) shows the ARPES
intensity plot of the pristine SmS along I'-X, as obtained
with 60-eV photons. As well as the k, direction shown in
Fig. 2(b), a flat Sm>* 4 multiplet structure and dispersive
S 3p bands were observed. The second-derivative ARPES
image, highlighting the shape of the band dispersion, is shown
in Fig. 2(d). The 4 multiplets can be decomposed into three

components that are weakly dispersed from the I" point to
the X point. At binding energy of ~4 eV, the well-dispersive
three bands originated from S 3p and the discrete flat band
is Sm 4f P multiplets [11]. Figures 2(e) and 2(f) present
ARPES images and a second-derivative plot, respectively, of
the K/SmS surface with the K adsorption of 0.4 ML. On many
alkali metal-adsorbed surfaces, electron doping causes a band
shift toward the side with high binding energy; however, no
such change was observed in this case. This result suggests
that the change of the electronic structure of the K/SmS
surface cannot be explained by a simple rigid band shift model
due to electron doping.

To obtain further insights into the deformation of the
band structure owing to K adsorption, magnified images of
the second-derivative ARPES for the 4f bands are shown in
Figs. 3(a) and 3(b). In pristine SmS, the three branches located
at 1, 1.7, and 2.5 eV in the 4f bands observed in ARPES are
assigned to the multiplets of bulk-#, sum of bulk-°F and
surface-°H, and surface-°F, respectively. Figure 3(c) and 3(d)
show the energy distribution curves at the I' and X points
of the pristine-SmS and K/SmS surfaces, respectively. To
clarify the contributions of the surface and bulk components,
the peaks were separated by Gaussian fittings. After the K
deposition, the surface components were suppressed; this is
consistent with the behavior of the core-level peaks in Fig. 1.

The core-level photoelectron spectra and ARPES results
commonly suggest that CIVT from Sm>* to Sm** occurs on
the SmS surface; however, this cannot be explained from the
perspective of a simple rigid band picture. We now discuss
the role of the excess electrons generated by the change from
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FIG. 2. (a) Three-dimensional bulk Brillouin zone of SmS.
(b) Photon-energy dependence of valence band spectra at normal
emission (ky = k, = 0 A’l). Intensities of the photoelectron are
normalized by maximum counts of the valence band spectra at each
excitation energy in the measured energy range (binding energy =
0-6.0 eV). Inner potential was set to 14.1 eV, based on the periodicity
of the S 3p band around 4.5 eV. (c) ARPES intensity plot and
(d) second derivative of the ARPES intensity of the pristine-SmS
surface along I'-X, with 60 eV photons (k, ~ 0 AD, respectively.
(e),(f) Same as (c),(d) but for the K-adsorbed SmS (K/SmS) surface.
White dashed lines serve as guides for the band dispersion.

Sm?* to Sm**. In the pressure-induced golden phase attained
via BGT, the excess electrons became conduction electrons.
However, the overall electronic state near the Fermi level
retains a semiconducting nature, without any change caused
by the K adsorption, as shown in Figs. 4(a) and 4(b). In other
words, the surface electronic state did not become metallic
under K doping. On the other hand, as shown in Figs. 4(c)
and 4(d), the S 2p core-level peak is a single component in
pristine SmS, with only two peaks separated by spin-orbit
interaction (SOI), while in K/SmS, a new SOI-separated peak
appears at the low energy side of the double peak observed
in pristine SmS. The S ion in pristine SmS had a single
valence number (S>7), whereas that in K/SmS featured two
types of valences, suggesting the appearance of S™>% ions,
corresponding to the transfer of the excess electrons from K
atoms to S sites. Considering that K/SmS remained in the
semiconducting state and the Sm valence of the surface was
trivalent, the excess electrons generated by the appearance of
Sm>* can be regarded as being trapped like local excitons
[the top figures of Fig. 4(e)] to conserve the charge neutrality.
These results suggest that the liberated electrons due to CIVT
at the surface are trapped like local excitons around the Sm>*
ions, which is inconsistent with the phase transition from the
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FIG. 3. (a),(b) Second derivative of ARPES intensity maps near
the Fermi level along I'-X, with 60 eV photons of (pristine) SmS
and 0.4 ML-K/SmS. °H and °F indicate the multiplet structures of
the Sm 43 final state after photoexcitation. (c) Energy distribution
curves (EDCs) at the I" point (lower panel) and the X point (upper
panel) of the SmS surface with the fitting curves. Dots and lines
represent the raw data and fitted spectra (dash-dotted line: bulk
component; dash-double-dotted line: surface component; solid line:
sum of the bulk and surface components). Each component is fitted
by the Voigt function after subtracting the Shirley-type background
(dashed line). (d) Same as (c) but for the 0.4 ML-K/SmS surface.

black insulator with Sm>* to the gold metal with Sm>* under
pressure.

These results were compared with the electronic state of
the gold metallic phase under pressure. When pressure is
applied, the lattice parameter decreases by approximately
5% owing to the decrease in the ionic radius of Sm by the
BGT [10] and a carrier density similar to that of a mono-
valent metal is developed. (This is the origin of the golden
color.) However, in the case of K/SmS, the bulk electronic
state remained unchanged, suggesting that the bulk lattice
constant was almost unchanged. Because the surface lattice
constant does not differ significantly from the bulk lattice
constant, it was considered to be almost unchanged. Under
these conditions, conduction electrons do not appear, even if
the Sm ions on the surface become trivalent, suggesting that
the conduction electrons in the pressure-induced golden phase
originate from the decrease in the lattice constant. Thus the
origin of these conduction electrons in the golden phase is
attributed to the decrease in the lattice parameter.

K doping to SmS induces the charge transfer from Sm to
S atoms at the surface, which is a local event, like localized
excitons produced by the photoexcitation from the Sm 4f
to 5d orbitals. This phenomenon is considered to be similar
to those for the insulator-to-metal transition caused by the
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FIG. 4. (a) EDCs at the I" point (black line) and X point (green
line) of pristine SmS with 200 eV photons. (b) Same as (a) but
for 0.4 ML-K/SmS. S 2p core-level spectra of (c) pristine SmS
and (d) K/SmS with 200-eV photons. Dashed lines indicate the
Shirley-type background. Blue dots and black lines represent the raw
data and fitted curve using the Voigt function and background. (e)
Schematic of the phase transition of SmS. Top left and top right
images depict the real space image of pristine SmS and K/SmS,
respectively. The large (small) sphere indicates the Sm (S) ion. The
bottom left figure is an expected model of electron-doped SmS, while
retaining the same lattice constant as pristine SmS, in contrast to the
golden phase of SmS, by applying pressure, as shown in the bottom
right figure. Yellow circles depict the electron-hole pairs (excitons).

Mott transition of excitons [31]. According to the recent the-
oretical study [14], both the first order valence transition and
semimetal-semiconductor transition occur at the same time by
the Coulomb repulsion between Sm 4f and 5d orbitals and
exciton is condensate in both the black insulator and golden
semimetallic phase. If the critical distance of the Mott transi-
tion of an exciton represents the lattice constant at the critical
pressure of the BGT, then the BEC-BCS phase transition of
the exciton occurs when the exciton size exceeds the critical
lattice constant, as shown in the lower figures of Fig. 4(e). In
the case of a change in the surface valence alone, there are no
variations in the lattice constant; hence, even if electrons are
released from the Sm ions, they are trapped by the isolated ex-
citons. Therefore, the phase remains in the BEC state, which
is consistent with the fact that no metal-insulator transition
appears. The exciton Mott transition has been experimentally
proposed in the photoexcited semiconductor systems [32-34];
however, the formation of such a state without optical excita-
tion has never been reported to the best of our knowledge. This
result strongly suggests that the CIVT is not directly linked
with the insulator-metal transition and may provide useful
information regarding the origin of the pressure-induced BGT.

In conclusion, we have studied the electronic structure
on K adsorbed SmS surface by using synchrotron-based
core-level photoelectron spectroscopies and ARPES. With an
increase in the amount of K deposition, the mean valence
of Sm at the surface increased from the nearly divalent to
trivalent states, without a rigid band shift. This result suggests
that the injected carriers induce the valence transition of the
Sm ions from Sm** to Sm>*, which is opposite to the charge
transition observed under trivial electron doping, without an
insulator-metal transition observed in the pressure-induced
phase transition. The lack of metallization is considered
to originate from the carriers being trapped by isolated
excitons.
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