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Bremsstrahlung-isochromat study of the layered compounds InSe, TiSe,, SnSe,, SnS,, and Bi,Te;
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We present bremsstrahlung-isochromat spectra (BIS) for the layered compounds InSe, TeSe,,
SnS,, SnS,, SnSe,, and Bi,Te; at a photon energy of 1486.6 eV. The spectra exhibit several sharp
peaks in the lower conduction bands. These spectral features are compared with theoretical calcu-
lations of the density of states and with optical data. In several cases, discrepancies between the BIS
spectra and the optical spectra confirm that large core excitonic shifts occur for layered compounds.

Compounds crystallizing in layered structures, because
of their quasi-two-dimensional character, are a very ac-
tive area of solid-state research.! The interest in this area
was enhanced by the recent discovery that some quater-
nary layered materials exhibit superconductive properties
at high temperatures. This is only one example of the
different kinds of instabilities prompted by quasi-two-
dimensionality. Charge density waves are another impor-
tant example. The general understanding of these insta-
bilities requires a detailed knowledge of the electronic
properties of layered materials.

Such properties have been extensively studied with a
variety of experimental methods, as well as with theoreti-
cal approaches.! The experimental results have produced
important insight into the electronic states—except for
those that fall in the lower conduction band. These lower
conduction bands fall in an energy region which is below
the vacuum level, and they cannot be explored with the
synchrotron-radiation photoemission technique known as
constant-initial-state (CIS) spectroscopy.? Optical experi-
ments do explore the lower conduction bands, but in the
case of layered compounds they are often affected by very
large core excitonic shifts.!

This gap in the knowledge of the electronic structure
of layer materials can be eliminated by using brems-
strahlung-isochromat spectroscopy (BIS) to explore the
lower conduction-band states. In this article, we report
on BIS results for several different layered compounds
which exhibit different transport properties and different
structures involving a variety of polytypes. The data dis-
cussed here were taken on InSe, TiSe,, Bi,Te;, SnSe,, and
SnS,. A preliminary description of the results on the tin
dichalcogenides was reported in Ref. 3, and the data on
InSe are discussed in light of previous BIS results on
GaSe, another compound in the same family.*

The BIS experiments were performed in a four-
chamber ultrahigh-vacuum system at the University of
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FIG. 1. BIS spectra taken at a monochromator setting of
1486.6 eV for different layer compounds. A spectrum of Pt is
also shown, from which we derived the position of the Fermi
level, Er. The spectra are aligned with respect to E.. The posi-
tion of the Fermi level, 1484.56 eV, is in good agreement with
the experimentally determined work function of the electron
gun, 2.1 eV (Ref. 5). The positions in energy of the spectral
features are listed in Table 1.
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TABLE 1. Positions in energy of the spectral features of Fig. 1. The positions are given with respect
to the experimentally determined position of the Fermi level, Er and with respect to the valence-band
maximum (VBM). The VBM position was estimated from the numerical value of the optical gap E,
and the experimentally determined position of the conduction-band minimum (CBM).

Material, Gap Feature Type E —E; (eV) E —Eypm
TiSe, A shoulder 1.9 a
E,=—0.18 eV® B peak 34 a
C valley 5.4 a
D broad band 7-15 a
Bi,Te; CBM 0.1 0.1°
E,=0.15 eV¢ 4 peak 35 35
B valley 6.0 6.0
C broad band 7.5-12 7.5-12
InSe CBM 1.0 1.2
E,=1.24 eV© A peak 3.0 3.2
B peak 5.1 53
c broad band 5.8-10 6.0-10
SnSe, CBM 0.5 1.0
E,=0.97 eV’ A peak 2.2 2.7
B peak 5.9 6.4
C valley 8.1 8.6
D peak 11.3 11.8
E peak 14.0 14.5
SnS, CBM 1.3 2.1
E,=2.1 eV’ A peak 3.5 43
B peak 7.2 8.0

#Semimetal or narrow-gap semiconductor.
"Reference 21.

°Er is located 0.03 eV above the VBM (Ref. 22).
dReference 23.

‘Reference 24.

TReference 25.

Minnesota. Each chamber can be isolated from the oth-
ers, and each has a base pressure of ~5X10~!! Torr.
The first three chambers house the electron gun, the x-
ray monochromator (used for inverse photoemission at
high energies) and the uv monochromator (used for in-
verse photoemission at low photon energies). The fourth
is the sample chamber which includes the instrumenta-
tion for low-energy electron diffraction, overlayer
growth, cleaving, and sputtering. The 1X 5 mm? incident
electron beam is provided by a custom-designed Pierce
electron gun.’ During the present measurements, the
typical beam current was 150 uA.

The incident electrons occupy states of energy E; in
the solid before a fraction of them decay to unoccupied
states of energy E, emitting photons of energy
hv=E;—E;. The photon energy, 1486.6 €V, is selected
by the 0.5-m quartz grating monochromator and the pho-
tons are detected with a microchannel plate detector.
The final-state energy is scanned by ramping the ac-
celerating voltage of the electron gun. At BIS energies,
the measured photon yield as a function of initial-state
energy primarily reflects the density of unoccupied states.
The overall resolution of the spectrometer is about 0.7

eV, as determined by the width of the leading edge of the
BIS spectrum of Pt. A detailed description of our spec-
trometer is given in Ref. 5.

The samples were thin platelets prepared with different
techniques.® Electrical contact was obtained with a
Ga-In eutectic, in addition to a conducting epoxy
(Ohmex) which connected the sample to the Al sample
holder. Each sample was cleaved in the measurement
chamber at a pressure of 1Xx 107! Torr. BIS spectra
were measured in the incident electron energy range
1482 < E; <1502 eV, where E; is referred to the Fermi
level of the sample, Er. The electron gun ramping and
data accumulation were controlled by a Compupro com-
puter. Typical count rates ranged from 2 s~ ! below the
onset (dark counts) to 10 s~! a few eV above the
conduction-band minimum. The typical time required to
measure one spectrum was ~ 10 h. The spectral features
were reproducible from cleave to cleave and showed no
evidence of contamination, consistent with the inert na-
ture of these layered compounds.

Figure 1 shows BIS spectra for SnS,, SnSe,, InSe,
Bi,Te;, TiSe,, and a Pt standard. The position of the Fer-
mi level was determined from the BIS edge of a Pt speci-
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men in electrical contact with the sample. The positions
of the main features of our spectra are listed in Table I,
referred to the valence-band maximum (VBM) and to Ep.
We derived the VBM from the known gaps and from the
position of the conduction-band minimum (CBM), which
in turn was derived by linear extrapolation from the spec-
tral edge. In the case of TiSe,, whose semiconducting or
semimetallic nature is still controversial,! we used the
Fermi level as the only reference.

All compounds show one or two sharp peaks in the
range up to 8 eV above the Fermi level. In general, these
sharp peaks are followed by a minimum and by a broader
feature at 8—15 eV. At higher energies, the primary sig-
nal is superimposed onto a large background of secon-
daries which obscure the information on the upper con-
duction bands. This background is the counterpart of the
secondary-electron signal found in conventional photo-
emission spectra.’

Figure 2 shows a BIS spectrum for InSe, together with
other experimental and theoretical density-of-states
curves.>® There is a reasonable correspondence between
our BIS peaks 4 and B and the peaks observed in the L,
and L, optical-absorption thresholds [Fig. 2(b)].® On the
contrary, in the case of GaSe we observed large
discrepancies between BIS and optical data.* Consider-
ing the similarity of the two materials, the reason for this
different behavior is not clear. We emphasize that the
discrepancies observed in the case of GaSe cannot be en-
tirely attributed to core excitonic shifts' and that the
electron self-energy in the BIS process appears to play an
important role.*

The identification of the optical and BIS InSe peaks
with the theoretical features shown in Fig. 2 is not
straightforward, since this theoretical density of states
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FIG. 2. (a) BIS spectrum of InSe. (b) In L, and L; optical-
absorption edges of InSe from Ref. 8. (c) Theoretical DOS of
InSe, from Ref. 9.
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(DOS), as well as other tight-binding results, predict a
peak close to the CBM, which is not found in our spectra.
The BIS peak B is primarily due to the upper structure in
the theoretical DOS, formed by states with strong In p, |,
character. The corresponding feature is weaker in the
optical absorption. This corroborates the identification
of the corresponding states as p-like, since they corre-
spond to forbidden transitions for the L,; edge. The
upper group of peaks in the theoretical DOS is separated
from the lower peaks by a gap. This is largely an artifact
of the tight-binding approach. Pseudopotential calcula-
tions show instead an intermediate group of bands, gen-
erated mostly by empty Se 5s orbitals.!® These states are
close in energy to the BIS peak A.

Figure 3 compares our BIS data for TiSe, with two
theoretical DOS curves [Figs. 3(c) and 3(d)] (Refs. 11 and
12) and with an optical K-edge absorption threshold
curve [Fig. 3(b)]."* Notice, that, since this material is
known to be either a semimetal or a semiconductor with
very narrow gap, we aligned the leading edge of the
optical-absorption curve, rather than the midpoint, with
the experimentally determined Fermi level. There is a
reasonably good correspondence of the peaks of all
curves in this figure. In particular, the BIS curve shows
the fine structure of the lower peak, which is not resolved
in the optical-absorption spectrum. The existence of this
fine structure is consistent with the theoretical DOS data,
the curves of Figs. 3(c) and 3(d), which exhibit four nar-
row peaks, mainly Ti d-like. At higher energies, the
minimum in the spectral curves corresponds to a gap pre-
dicted in Ref. 14.

Intensity (arb.units)

FIG. 3. (b) Titanium K optical-

(c) and

(a) BIS spectrum of TiSe,.
absorption edge of the same compound, from Ref. 13.
(d) are theoretical DOS curves from Refs. 11 and 12.
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Figures 4 and 5 compare our data with previous
theoretical and experimental studies for SnS, and

SnSe,.!*~!7 A preliminary discussion of these results is
reported in Ref. 3. The most important point concerning
Fig. 4 is that there is a good correspondence between the
BIS peaks and the peaks in the theoretical DOS data and
in the experimental CIS curve. On the contrary, the peak
in the optical-absorption spectrum which corresponds to
the BIS peak B is shifted to lower energies by approxi-
mately 1.5 eV. This suggests that the discrepancy in this
case is primarily due to core excitonic effects in the opti-
cal data. Likewise, there is a 1.0-eV discrepancy between
BIS and optical data in the case of peak B for SnSe,.

The theoretical calculations of Refs. 18-20 for Bi,Te;
do not include DOS results and it is difficult to compare
them directly with our BIS data. In essence, the lower-
conduction-band BIS data show only a broad feature
which corresponds to a variety of theoretical conduction
bands.

One important issue concerning our BIS data is to
what extent they provide a picture of the conduction-
band density of states. This is a crucial issue since, for
layer compounds, the traditional core-level optical-
absorption experiments can be affected by unusually large
core excitonic shifts. Thus, one cannot rely entirely on
optical data to establish the energy positions of the lower
conduction-band structure. One cannot, on the other
hand, assume a priori that the BIS curves provide a reli-
able picture of the DOS features. The final state of the
BIS process is that of the system under investigation plus
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FIG. 4. (a) BIS spectrum of SnS,. (b) Theoretical con-

duction-band DOS of the same compound, from Ref. 17. (c)
CIS spectrum from Ref. 17. (d) Reflectivity spectrum in the
photon energy region corresponding to transitions from the Sn
4d core level to the lower-conduction-band states (from Ref. 16).
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FIG. 5. (a) BIS spectrum of SnSe,. (b) Theoretical DOS from
Ref. 15. (c) Reflectivity spectrum in the photon energy region
corresponding to transitions from the Sn 4d core level to the
lower-conduction-band states (from Ref. 16).

one electron. Many-body effects can cause discrepancies
between the BIS spectral features and the corresponding
DOS peaks of the system. There is no easy way to identi-
fy these effects and make the necessary corrections.
However, our data indicate that the BIS features do, in
most cases, provide a good picture of the conduction-
band DOS. This conclusion is reached by systematically
comparing BIS, optical and theoretical curves. Among
the latter, those derived with advanced pseudopotential
techniques appear, as expected, more reliable than the
tight-binding results. Perhaps the most significant results
are those obtained for SnS,. They show good agreement
between BIS, CIS, and theoretical curves, and a substan-
tial discrepancy with respect to the optical data. In this
case, it is safe to conclude that BIS provides a more reli-
able picture of the conduction-band DOS than the optical
data.

For Bi,Te,, the BIS curves do not have enough struc-
ture for a direct test of the theoretical calculations. The
reliability of BIS appears very good in the case of InSe
and TiSe,. For both of these materials, there is agree-
ment between the BIS data and the optical-absorption
data for deep core levels. This result is particularly
significant for InSe for two reasons. First, it is known
that optical data at lower photon energies are affected by
particularly strong core excitonic effects.! Second, InSe
is in the same family as GaSe, for which self-energy
corrections strongly affect the BIS curves.* On the con-
trary, these effects do not appear important in the case of
InSe.

In conclusion, our data dissipate some of the questions
raised by the results of Ref. 4 on the use of BIS to study
the conduction-band structure of layer compounds. This
does not imply that BIS can automatically be assumed to
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provide a good picture of the DOS. A prudent approach
should always include a parallel use of BIS and optical
techniques because their combined use substantially in-
creases the reliability of their results.
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