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A reflection-electron-energy-loss spectroscopy study of 2H-SnS, single crystals is presented. Low-
energy losses, traditionally attributed to single-electron transitions, are shown here to be of a collective
character. Their interpretation as collective eigenmodes of a multiplasma electronic system is demon-
strated with the aid of a simplified two-plasma model, which yields a remarkably good agreement with
the experimental data. Within this framework, some of the distinct differences between the various
modes are emphasized. Their hybrid (bulk and surface) behavior, as well as the physical origin of the
shifts of electron losses, with respect to optically detected peaks, are coherently explained. A compar-
ison with complementary SnS, studies is also used for the identification of single-electron transitions
from core levels. The existence of a tightly bound exciton, localized on the Sn atoms, is confirmed. Its
binding energy is determined here as 1.5 eV, a value extracted from comparing various techniques hav-

ing different sensitivity to local effects.

I. INTRODUCTION

The dichalcogenides have been a subject of many stud-
ies during the last decades. Their quasi-two-dimensional
structure, and the ability to control their optoelectronic
properties by intercalation, have stimulated intensive
basic as well as applicative research. Being very con-
venient for vacuum handling, a relatively large number of
surface techniques has been applied to these materials, in-
cluding electron-energy-loss spectroscopy (EELS), which
has already been proven! ™ to be a powerful technique
for the study of electronic properties. i

One of the widely studied dichalcogenides is SnS,, and
its 2H polytype’ in particular. Its electronic structure
was calculated,®”!! and measured by optical absorp-
tion,'? optical reflection,’*~!® ultraviolet photoemission
spectroscopy (UPS),'? 72! constant-initial-state spectrum
(CIS),22~ 2% x-ray photoemission spectroscopy (XPS),24~26
bremsstrahlung isochromat spectroscopy (BIS),?” and
transmission EELS (TEELS).?® Very recently, reflection-
EELS (REELS) studies of this compound have also been
published.?”3° Yet there is no coherent understanding of
this compound. Applying REELS to SnS,, and taking
the advantage of that large amount of data, our purpose
here is to gain a better understanding of the nature of loss
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features, as well as the related electronic structure of
SnS,.

EELS is best suited for collective electron excitation
characterization. As the primary energy is varied
through the sub-keV region, a clear distinction between
bulk and surface plasmons is available. The bulk
plasmons, having ideally a zero amplitude outside the
material, can only be excited via the penetration of the
probing electron beyond the surface, a stage which is
highly dependent on the primary energy E,. Their inten-
sity in the loss spectrum is, therefore, significantly in-
creased with increasing E,. On the other hand, the sur-
face plasmon amplitude exponentially decays into the
vacuum, having, at long wavelengths, a long-range in-
teraction with the external electron, and a weak E,
dependence.

A loss peak, with an apparent bulk-plasmon character,
which does not obey the expected E, dependence, has
therefore drawn our attention, and is discussed in this pa-
per in detail. The change in the effective-momentum
transfer, involved in the primary energy variation, is also
discussed and examined. A simple model, consisting of
two independent plasmas, is used to describe the collec-
tive modes, yielding an excellent agreement with the
dominant loss features,’® and elucidating some unusual
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surface properties.

Our REELS results are compared with the various
works mentioned above, aiming at clarifying the
discrepancies found between the results of different tech-
niques, and demonstrating some advantages of EELS as a
complementary tool. This also concerns the transitions
from the Sn(4d) core levels. The results verify the ex-
istence of very strong correlation effects, reflected in ex-
tremely large excitonic binding energies.

II. EXPERIMENT

SnS, samples were prepared by the chemical vapor
transport technique, using iodine as a carrier, and ele-
mental S and Sn powders (purity 99.999%). The above
materials were put in an evacuated quartz ampule, and
heated to 700°C in a two-zone furnace, maintaining a
50°C temperature gradient along the tube. The process
was carried out for eight days, in order to minimize the
creation of defects. The samples obtained were yellow-
brown platelets of 50-100-um thickness, and about
5-10-mm plane size.

An x-ray analysis gave a high-quality trigonal single-
crystal picture, classified as 2H, with primitive axes of
a=b=3.651 A and ¢=5.90 A. No evidence has been
found for any mixing of other known polytypes of SnS,.’
It should be recalled that the 17 structure, with symme-
try group P3m1, has been mistakenly called 2H, for the
CdI, structure group of materials.’! We adopt this nota-
tion here, too.

Surface quality was determined by scanning electron
microscopy (SEM), XPS, and Auger electron spectrosco-
py (AES). Using SEM we established the existence of
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large, flat, homogeneous areas before and after cleavage.
No traces of foreign surface contaminants (including
iodine) were detected by XPS or AES except for a small
amount of carbon. This could be avoided by cleaving the
sample in atmosphere just before insertion into the vacu-
um chamber. In fact, the spectral features shown below
were found to be insensitive to the carbon presence.

EELS measurements were performed at room tempera-
ture and a base pressure of 3X 107 !° Torr, in a commer-
cial Perkin Elmer PHI model 555 ESCA-Auger system,
using beam energies in the range of 80-2000 eV, and
beam currents of 50—-100 nA. The incident beam was
directed at an angle of 40° from the normal to the surface
(the ¢ axis). A double-pass cylindrical mirror analyzer
(CMA) was used to analyze the electrons, scattered into a
cone of 42.3° with respect to the primary beam.

Most of the measurements were taken in the retarding
grid mode, yielding N(E)/E spectra. Numeric
differentiation was used for fine-structure treatments.
The alternative first-derivative modulation mode (1 V
peak to peak) gave the same results, usually with a lower
resolution. In the N(E) mode, using a low-pass energy of
15 eV, a 0.2-eV resolution was obtained at all primary en-
ergies, and even a value of 0.1 eV could be achieved un-
der special conditions. This improved resolution makes
the conventional system competitive with various tech-
niques, including CIS and BIS.

III. RESULTS AND DISCUSSION

The EEL spectra of SnS, and their second derivatives,
presented in Fig. 1, show several narrow lines up to the
9.0-eV loss, a couple of broad bands, finely structured
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FIG. 1. Loss spectra at representative primary energies: (a) intensities; (b) second derivatives.
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within the range of 10-25 eV, and an additional doublet
of sharp lines at about 26.7 and 29.9 eV. As a whole, no
additional peaks or energy shifts were observed by vary-
ing the beam energy through the entire E, range. The
influence of E, was mainly expressed in changes of rela-
tive intensities within the central region.

These spectra agree fully with the data of Ohno,?’ and
with the single REEL spectrum published by Ohuchi
et al.,*? except for some additional fine details observed
here due to better resolution. The assignment of the cou-
pled broad bands to the bulk and surface plasmons of the
valence electrons is widely accepted.” °° The narrow
low-energy lines have been previously attributed to
single-electron interband transition,?’ as well as the lines
just below 30 eV, which were proved!”!® to be related to
transitions from the Sn(4d) levels. For part of these
spectral features, an alternative interpretation is suggest-
ed here. In Secs. III A and III B, we discuss the nature
of the features by (a) identifying the collective excitations
and (b) using the single-electron transitions, originated in
the Sn(4d) core level, to extract information about the
unoccupied levels (the conduction bands).

A. Collective excitations

1. The dominant plasmon

The bulk plasmon of the total 16-valence electrons is
easily identified as the broad line around 18.7 eV: This
line, as well as its first harmonics, is dominant in the
N(E) representation, and shows a strong intensity depen-
dence on the primary energy E,—a clear indication of a
bulk collective excitation [see Fig. 1(a)].

The expected energy for this mode is somewhat lower.
A value of 18.1 eV is obtained from the free-electron rela-
tion

wf, =4mne’/m , (1)

0

where n is the electron concentration and m and e are the
free-electron mass and charge, respectively. For bound
electrons, where the binding energy is of the order of the
energy gap E,, a small correction is expected,*® resulting
in #iw,~18.25 eV. This latter value agrees with TEELS
measurements,® and is also obtained by the Kramers-
Kronig analysis of optical-reflection measurements.'*!®

We think that the above difference between the mea-
sured values is significant—though small—and is caused
by plasmon dispersion. Our experimental configuration
reveals a weighted integration over a wide g range, due to
the integration over wide angle. Following the analysis
of Ohno,! dominant contributions should appear from
the g,, /3 to 3q,, range, where gq,, is the magnitude of the
most probable transferred wave vector. For an isotropic
sample, it is found that with E,=2 keV, g,, is approxi-
mately 0.15 A~ while at E,=100 eV, g,, is almost 0.8
A™!. For the extreme anisotropic case, g¢,, can be
changed by a factor of V2, leading, for example, to about
1A "at E,=100eV.

The importance of nonzero g values in our measured
plasmon band is proven by the comparison with the data
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of Manzke, Fink, and Creselius,>* who measured this
dispersion by means of TEELS. The extrapolation of
these results to g =0 gives #iw, ~18.3 eV, resembling the
values mentioned above. One finds a close similarity be-
tween their higher-g spectra and our low-E;, ones. We
therefore believe that ¢ >0 plasmon excitations dominate
the 19-24-eV-loss range, broadening asymmetrically the
18.7-eV peak toward its high-energy side. This last argu-
ment should be valid also for E,=2 keV, and certainly
for E,=100eV.

One should distinguish between two phenomena,
which affect the plasmon band intensity, when the
primary-beam energy is reduced: An increase of ¢g,, and
a decrease of the penetration depth. For increasing
values of g, when g exceeds the critical value for Landau
damping, the plasmon lifetime should be significantly re-
duced. The other effect is the excitation cross section,
which is strongly dependent on the penetration of the
external electron into the material. As can be verified by
the comparison with the data of Manzke, Fink and
Creselius, the latter effect is dominant in REELS, at least
above E;=200 eV.

An asymmetric broadening toward the low-energy side
is expected when the dielectric function is anisotropic. In
principle, when the wave vector coincides with the z axis,
the corresponding plasmon frequency , is usually small-
er than the in-plane plasmon w,,, due to the lower
effective mass within the plane of the layers. However,
for an arbitrary direction (defined by its angle with the z
axis, a), the relevant nonrelativistic mode is given by35

€, sina+e, cos’a=0, ()

and the integration of the analyzer over the various direc-
tions, leads to a continuous crossover between w,, and
®,. Recalling that the values mentioned above!* 1828 are
all concerned with in-plane g vectors, one may estimate
an upper limit of about 2 eV for the anisotropy of w,,
while in graphite, w, is almost 7 eV lower than w,,. The
question of anisotropy will be raised later again. At this
stage we would like to draw attention to the similarity of
the present case to other dichalcogenides, such as MoS,,
where the anisotropy of the plasmon energy is of about
0.5-1.0eV.%¢

2. Additional plasmons

We shall now focus on the 9.0-eV line, which has an
overall appearance of an intensive interband transition; it
is relatively narrow and, more importantly, it does not
show any remarkable intensity dependence on the pri-
mary energy, including the 80-keV region measured by
TEELS.?® Yet, its nature should be discussed in view of
the following facts.

(1) No justification of a specially intensive interband
transition around 9.0 eV has been found in the various
band calculations.®*1°

(2) Optical-reflectivity measurements'3~ also lack
any observable peak at this energy and show, in fact, a
strong dip at about 9.5 eV. This dip was attributed, by
Raisin, Bertrand, and Robin,!” to the presence of a gap in

15,18
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the optically allowed transitions. The minimum in the
calculated, as well as the experimental, joint density of
states (DOS) is, however, much less pronounced than the
reflectivity dip. In our opinion, the above-mentioned
structure around 9.0 eV is, simply, the typical appearance
of a plasma edge in the optical reflectance, related to an
additional bulk plasmon. Such an interpretation is also
consistent with the ¢ =0 dielectric function calculated
from those measurements,'*!® where Re(e) approaches
zero at this energy.

(3) The existence of couples of valence-band bulk
plasmons is well known in layered materials like graphite
or transition-metal dichalcogenides (TX,). Such a couple
of modes is explained by the existence of two separated
valence bands. The lower-energy mode is frequently at-
tributed to the collective oscillation of electrons in the
higher-valence band (the 7 electrons), while both valence
bands are considered to create the higher-energy
plasmon.?®

As suggested in Ref. 28, the participation of d elec-
trons in the valence band of TX, can explain the ob-
served couple of modes in TEELS measurements. Liang
and Cundy?® did not, however, apply this mechanism to
SnS,, having no evidence of a twofold valence-band struc-
ture. Later works, however, evidently showed, both
theoretically’” and experimentally,?* the existence of two
separated bands. In Fig. 2, the valence-band DOS func-
tion is presented in the manner of Simunek and Wiech,?’
being in overall agreement with the other works men-
tioned above. It consists of two bands, the first having
four major maxima (17 -4V'), and the second being dom-
inated by a sharp peak and a broad shoulder (5V-6V¥).
The dominant atomic-orbital character of these struc-
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FIG. 2. The valence and conduction DOS functions of SnS,,
as per Simunek (Ref. 37) and Bordas (Ref. 18), respectively. (a)
Dominant and (b) secondary orbital characteristics are indicat-
ed.
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tures is indicated too. Similarly, the conduction-band
DOS is illustrated in the manner of Bordas, Robertson,
and Jakobsson,'® having, however, a poorer agreement in
details with other calculations (see the discussion in Sec.
111 B).

The above facts clearly favor the collective-mode inter-
pretation of the 9.0-eV loss over the single-electron exci-
tation. Moreover, this interpretation can be quantified by
using a simple model of two independent plasmas coupled
through the common electric field.

In this framework the dielectric function is given by>*

e=1— za);j/(wz—wf,j+iw5j) , 3)
J

where w};=4mn;e*/m} with n; and m}* being the jth
plasma’s electron concentration and effective mass, re-
spectively; #iw,; is an effective binding energy of the jth
oscillator and §; is its damping parameter.

Clearly, when only two plasmas are involved, two
modes are created: A symmetric mode (w, ), in which
the two plasmas oscillate in phase, and an antisymmetric
mode (@ _) consisting of an antiphase oscillation.

In terms of this dielectric function, the loss intensity I
is written here as a superposition of surface and bulk loss

functions,

+DIm

1
I Iml (e+1)

-1 ] : @)
€

with D(E,) as a phenomenological parameter. The

values of the parameters used are given in Table I.

This set of parameters has been obtained by the follow-
ing fit procedure. We first assumed §; to equal zero, and
found analytically the four parameters »,; and ,; by in-
serting the experimental frequencies for the roots of the
equation €=0. Since only three of the measured frequen-
cies were easily correlated with the bulk and surface
modes, we varied the antisymmetric surface plasmon en-
ergy (o, _) as a parameter. It was found that only when
it was in the range 8.5-9.0 eV, reasonable values for the
dielectric-function parameters were obtained. In the next
step, we allowed finite lifetimes (nonzero §;), and adjust-
ed all seven parameters, by a numerical fit of the loss
function (4), to the experimental spectrum. Only small
modifications of the initially found parameters, were ob-
tained during this stage.

As shown in Fig. 3(a) the agreement with the experi-
mental spectra is very good, provided that the experimen-
tal background is subtracted. An alternative way to elim-
inate the broad background (taking the risk of enhancing
additional weak contributions) is to compare the second
derivatives, as shown in Fig. 3(b). Both the intensity and
its second derivative are successfully reproduced, indicat-

TABLE I. Parameters used in the calculation of the E,=2-
keV loss function (in eV). The superscript asterisk represents
dimensionless values.

*
@p1 @p2 @p Wp3 8, 8, D

16.6 6.7 3.0 10.2 6.0 1.0 4.0
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FIG. 3. (a) Top, calculated and measured loss intensities at E,=2 keV; bottom, calculated dielectric function. The bisecting
points of Re(€) with 0 and —1 are indicated. (b) Calculated and measured second derivatives of the loss intensity for E,=2 and 0.5

keV.

ing that the 8-20-eV region is fully described by the
above function. In particular, it demonstrates that the
broad shoulder around 11.0 eV is just a result of the
differentiation and is not related to an additional excita-
tion.

The success in predicting, simultaneously, the bulk and
surface frequencies supports this model, since the experi-
mental observation shows a value higher than the regular
w,/ V2, expected for a single mode. Moreover, the lower
surface mode w, _ is theoretically obtained very close to
its bulk parent @ _, 0.2 eV lower, being unresolved due to
the width of the lines. Exactly the same behavior is ob-
tained from the dielectric function of Bertrand et al.,'*
deduced from optical-reflectivity measurements.

In addition, the relatively low intensity of w_ com-
pared with that of w, is straightforwardly obtained, as
demonstrated by the N(E) fit. Second-derivative repro-
duction, below E;=500 eV, is, however, more difficult to
achieve, even when all the parameters are allowed to
vary. This fact results from the inherent dependence of
second-derivative intensities on widths. Figure 1(b)
shows that for lowered E,, the symmetric bulk and sur-
face lines monotonically broaden, while the 9.0-eV
linewidth remains roughly constant. Variations of §;
cannot account for this effect, since both &, and 6,
influence each of the combined modes: w, and w_.
Indeed, this reflects the inconsistency of using phenome-
nological damping parameters to account for different
broadening processes occurring on a microscopic scale,
such as the already mentioned anisotropy and band
dispersion.

The collective nature of the 9.0-eV line is verified by
noting that the real part of the dielectric function van-
ishes around 9.0 eV, while the imaginary part goes
through a minimum [Fig. 3(a)]. On the contrary, the
neighboring interbandlike transition at 10.2 eV does not
contribute a loss peak at all [although Re(e) vanishes
there, too]. The energy of the antisymmetric mode is, in
fact, very sensitive to w,,, but its plasmonic nature is ap-
parent.

We stress the physically different interpretation of the
low-energy plasmon, suggested here to originate from the
two plasmas, rather than a single one (frequently assigned
to the 7 band), as widely claimed.>?%%%4? The former ap-
proach usually predicts an excessively high plasmon fre-
quency, and attributes the lower experimental value to
the influence of neighboring interband transitions. Here,
the finite binding energies have an opposite effect, raising
o_ from zero to the experimental value. Since both ap-
proaches use the same expression for the dielectric func-
tion, it is easy to verify, by varying the parameters, that
the present interpretation is the correct one.

In fact, it is found that the oscillation amplitude of w _
is dominated by the second plasma, rather than the first
one, providing further evidence against the w, assign-
ment. Yet, the contribution from the first plasma is
significant. When the obtained parameters are intro-
duced to the original equations of motion, one finds that
X, =1 and X_ = —2.5; where X is the relative oscilla-
tion amplitude of the two plasmas, X =X, /X .

For lower primary energies, calculations were done

with the same o,; and ®,; parameters. The value of D
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[Eq. (4)] was found to closely follow a vV E, dependence,
provided that the phenomenological widths were proper-
ly adjusted, a condition which reliably held for E, > 400
eV. This result is in remarkably good agreement with the
penetration depth (L) in the corresponding region. Semi-
classical®® and quantum-mechanical®® considerations sug-
gest for the loss intensity

1

I~SIm ——] , (4a)
€

+LBI
(e+1) m

where
S=E?/#0E, ,
E,=13.6¢V,
and

B= ln(ElEo/ﬁw)/Eo .

Since B /S yields only a weak In(E,) dependence, one ex-
pects D=LB /S to maintain the L(E,) relation, as
verified experimentally.

It should be noted that we use here the long-
wavelength dielectric function, e(g —0), which is a good
approximation for the high-E, spectra. One may esti-
mate the influence of the nonzero g contributions by con-
sidering the dielectric function within the hydrodynamic
approximation. We have found that for E,>400 eV, the
present results remain basically unchanged.

Finally, we are able to explain, at least qualitatively,
the weak dependence on primary energy of the 9.0-eV
loss intensity resulting from the overlap of the bulk and
surface antisymmetric modes. Angular-resolved REELS
of graphite*® also shows some strong surface properties of
the 7-eV plasmon, in close similarity to the present o_.
We expect that the angular properties of @_ in SnS,,
which are not measurable in our system, will be found
roughly the same as those of the so-called w,, of graphite.

The model used here is isotropic, while it is conceiv-
able that the layered structure should lead to some an-
isotropy. Recalling that a continuous crossover between
the xy plane and the z direction is caused by the CMA, it
is interesting to check whether the large difference, found
experimentally in the widths of the plasmon lines, can be
explained by allowing some anisotropy of the parameters
while still remaining within the simple macroscopic
framework.

In general, any increase in each of the width parame-
ters & J results in the broadening of both w_ and w (and,
consequently, w; ;). On the other hand, variations in the
effective masses m lead to an extremely different
broadening of the two lines: For the symmetric-mode en-
ergies a downward shift results from any increase of each
or both of the effective masses, following the changes pro-
jected on w,;. The corresponding shifts of the antisym-
metric modes are, however, negligible. This fact further
supports the association of the large value, already calcu-
lated for &,, with anisotropy, rather than lifetime.

As for binding energies, one may deduce that ,,,
which strongly influences the value of w_, is roughly iso-
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tropic. This conclusion is supported by the correspon-
dence of our results to in-plane g data, suggesting that
o _ does not shift with the direction of the wave vector.

The calculated parameters, given in Table I, indicate
an additional point: w,; are, in fact, consistent with the
partial occupation of the two bands presented in Fig. 2.
However, the binding energy o, is too low to be related
to the deep valence band (5V-6¥). In principle, the mi-
croscopic expression of the dielectric function suggests
that w,; should be identified with allowed single-electron
transitions, rather than peaks in the DOS function.
Indeed, it is found that o,, coincides with an intensive
peak of the joint DOS.'*!%1¥ This leads to the conclusion
that the plasmas cannot be simply identified with the
ground-state electronic configuration, as attempted in
previous works,>?%33 but rather with electrons that parti-
cipate in certain electronic transitions.

The simplicity of the two-plasma model is an impor-
tant advantage in demonstrating the nature of the 9.0-eV
loss. We can, of course, extend our calculations by tak-
ing a more detailed band structure. In Fig. 4 we show an
experimentally deduced dielectric function,'* in compar-
ison with a function calculated with six plasmas [a

!
/
v /
» € ]
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0 10 30 40

20
hw(eVv)

FIG. 4. The dielectric function, real (¢;) and imaginary (€;)
parts: (a) deduced from reflectivity measurements, as per Ber-
trand et al. (Ref. 14); (b) calculated with seven plasmas.
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seventh term was also included for the description of the
transitions from the Sn(4d) levels, discussed in Sec. IV].
This dielectric function gives, at the correct frequencies,
all the additional low-energy-loss peaks, which were com-
pletely absent from the two-plasma calculations. Also,
the binding-energy parameters w,; again coincide with
the measured peaks of the single-electron transitions. On
the other hand, the calculated loss intensities are incom-
patible with the experimental ones, especially when fit is
done for the second derivative. This is, again, the conse-
quence of describing different broadening processes by a
single parameter —§.

Typically, all the low-energy peaks are associated with
a behavior of the dielectric function, which is similar to
that obtained for the 9.0-eV loss: They appear around
minima of Im(e) and zeros of Re(e), where plasmonic
solutions are allowed. Previous publications have men-
tioned already the “shift” of loss peaks, relative to calcu-
lated, and optically measured, single-electron transi-
tions,”*>* but did not give a satisfying physical ex-
planation for such shifts. We claim that the correspon-
dence of loss peaks to reflectivity minima (and vice versa),
is a result of the technique’s sensitivity to different excita-
tions: The loss peaks are, in general, of a significant col-
lective nature. They may be coupled to close interband
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FIG. 5. Loss spectra of the Sn(4d) core-level transitions: (a)
intensities; (b) second derivatives.
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transitions, but always tend to appear in gaps of the joint
DOS. In fact, this interpretation is very appealing, since
the number of eigenmodes should be related to the num-
ber of plasmas introduced into the model. In the present
case, this interpretation is verified by the coincidence of
the loss minima at 4.9, 5.7, 7.5, and 10.2 eV with the ma-
jor maxima of the reflectivity spectra.!> 13

Applying the present calculations to MoS,, for exam-
ple, a material having a very similar total-valence-band-
DOS function,’” we obtained, again, a fairly good agree-
ment with the published loss functions.®® It is believed
that many of the dichalcogenides have similar properties,
and probably graphite, too.

B. Transitions from the Sn(4d) core levels

The transitions originated at the Sn(4d) core levels are
well observed in the 25-30-eV range. Using a high-
energy-resolution mode, we verify the split of the main
doublet of lines [see N(E) in Fig. 5] into a more complex
structure (second derivative in Fig. 5): at least five lines
are resolved throughout this region, while additional re-
lated signals are observed above 30 eV. The dominant
band, which consists of two major lines at 29.9 and 28.9
eV, and two weak ones at 30.8 and 28.1 eV, excellently
fits the reflectivity spectrum of Bertrand et al.!’

Less clear is the correspondence within the lower
range, where two well-resolved peaks at 26.7 and 25.5 eV
are obtained. Referring again to the above reflectivity
spectra,!” it is obvious that corresponding signals, al-
though observable, are weaker. On the other hand, their
comparable line at 27.5 eV hardly appears in our mea-
surements.

One may question the coincidence of loss peaks with
reflectivity peaks, in view of the above discussion. Cer-
tainly, since Re(€) is included in the loss function, screen-
ing effects exist inherently in the loss peaks. However, in
the present energy region, one finds that Re(e) is close to
unity, with rather weak variations around the transition
energies.'*!® The loss peaks coincide, therefore, with
maxima, rather than minima of Im(e), in contrast with
the low-energy region. Indeed, as mentioned above, we
included in Fig. 4 a representative seventh term to ac-
count for the Sn(4d) transitions. We have found that the
shift of the relevant loss peak, with respect to Im(e), does
not exceed 0.1 eV. This is, in fact, a typical case of core-
level transitions: The collective character of their related
loss peaks is dramatically reduced, as expected from the
localization of the initial state. In fact, the localization in
the present case is even more pronounced due to the final
states involved, a point which is discussed below.

In Figs. 6(a)-6(c) several DOS calculations of the con-
duction bands are presented. Despite some significant
discrepancies, we stress that a general agreement on the
character of these bands does exist: the lowest peak (la-
beled here as 10) is dominated by Sn(s) states, with minor
S(p) contributions, while 2C’' and 2C are mainly Sn(p)
states (see also Fig. 2). Relying on these results, one can
interpret the observed signals, taking into account the
splitting of the core level, which has been determined by
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FIG. 6. A comparison of several calculated conduction-band
DOS functions, relative to the top of the valence band, as per (a)
Robertson (Ref. 6); (b) Bordas (Ref. 18); (c) Margaritondo
(downwardly shifted by 2 eV) (Ref. 22). (d) A schematic illustra-
tion of electronic transitions from the Sn(4d) levels, as derived
from the present experiments.

XPS to be about 1.1 eV, in agreement with reported

values'” for the j =3 and 3 levels. It is worthwhile recal-

ling that the partial p-type final DOS is actually mea-
sured, since the d initial states are not k dispersive, and
the cross section is, therefore, proportional to the density
of the odd-parity final states.

The dominant line is, therefore, naturally attributed to
the transitions terminated at 2C (and 2C’), while the
minor p-like contribution in 1C enables the weak appear-
ance of the lower couple of lines. A 3.2-eV separation be-
tween 1C and 2C, with 2C’ positioned at about 0.8 eV
below 2C, and a 1.1-1.2-eV split of the core levels are
consistent with our experimental data [see Fig. 6(d)]. The
d3,, to 2C’ transition at 29.1 eV is unresolved from the
ds,, to 2C line at 28.8 V.

The mentioned band calculations partially agree with
the present assigned values. Our 1C-2C separation is
consistent with those obtained by Margaritondo et al.?
and Robertson,® while the 2C and 2C’ difference is ob-
tained by Margaritondo et al. and by Bordas, Robertson,
and Jakobsson.!® The sharp 1C peak in Refs. 14 and 18
seems to resemble the experimental narrow 26.7- and
25.5-eV lines. This, however, does not contradict the
broad peak in Ref. 22, since the partial DOS only is ex-
perimentally measured here.

On the other hand, absolute transition energies are to-
tally different from the expected ones. When the core-
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level energies, 24.4 and 25.5 eV below the valence-band
top, are adopted from UPS data,'”*! a shift of about 1.5
eV is needed to correlate between measured and calculat-
ed values. This shift is consistent with the measured
threshold at 25.0 eV, noting that 26.6 eV is expected for a
band gap of about 2.2 eV (at room temperature).'?

We believe that the determination of the threshold by
Bordas et al.!” is erroneous because of the low intensities
of the optical transitions to 1C, while the present thresh-
old value is consistent with the easily determined peaks
mentioned above. The advantage of the present tech-
nique, demonstrated here, is twofold: typical high cross
sections, enabling a common use of derivatives to em-
phasize weak signals, and the relaxation of selection
rules, which results in higher intensities of the parity-
forbidden transitions, especially at low E, (see Fig. 5).

A reasonable explanation of the difference between ex-
perimental and theoretical transitions is, as previously
proposed,'” 18?7 the existence of strong e-h interactions.
In the present case, both the final, and certainly the ini-
tial, states are well localized near the Sn atom, giving rise
to enhanced correlation effects.

Alternatively, one may relate these transition values to
impurity states within the energy gap. This, however, is
not expected to be relevant, since such levels should also
show up in the low-losses region. Furthermore, the pres-
ence of such impurity levels would introduce additional
lines, rather than shift the expectedly strong interband
transitions.

The present measurements prove, therefore, the ex-
istence of excitonic states with huge binding energy, of
the order found in Pbl, and PbI,.>** Although expected
to be small in this region, we recall the typically upward
energy shift of REELS as well as reflectivity signals, rela-
tive to Im(e) and the corresponding calculated transi-
tions. With such a shift, the actual discrepancy with the
calculated transitions is even larger.

To verify the above values, we next compare our re-
sults with other experimental data. The combination of
BIS and CIS can provide, in principle, a complete picture
of the unoccupied DOS function. Moreover, excitonic
effects are not expected to be reflected in BIS, where the
electron transition takes place between two unoccupied
levels, nor in CIS, in which the measured scattering pro-
cesses involve delocalized final states only. Classically,
this means that in CIS the detected photoelectron must
escape far from the hole, carrying no information about
bound excitonic states. Therefore, it is clear that the
comparison between the two techniques and EELS is a
useful method for the quantitative study of correlation
effects.

Applied to SnS,,>?" results of these techniques are
found consistent, but shifted upward by about 3 eV com-
pared to our results (and to reflectivity). The sign of the
relative shift is a further indication of the existence of ex-
citonic effects in this compound. Yet the value of 3 eV
for the binding energy, deduced from these experimental
results, is extremely large. The value of 1.5 eV, obtained
from comparison with the calculations in Refs. 6 and 18,
seems to be much more plausible, in view of what is
known for other related compounds.’® Probably, the
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conduction-band DOS obtained by Margaritondo et al.??
is shifted upward. An additional evidence for that is
found in the low-energy-loss region: their prediction of
1C at about 4.2 eV above E, (indicating a first peak
above 5.5 eV) is inconsistent with our 3.8-eV-loss peak.
Moreover, the difference between the two values is close
to the difference in the predicted excitonic binding ener-
gies.

Bordas, Robertson, and Jakobsson'® have raised the
question of the relevance of single-electron band calcula-
tions when extremely large correlation effects exist. Yet
the present results can account for the calculated
conduction-band structure, provided that a downward
shift, related to the excitonic binding energy, is taken into
account.

Considering intensities, one finds the transition from
the 4d; , to 1C to be much more intensive than that from
the second core level. This suggests that the 1C level is
dominated by j =1 states. Similarly, the dominant inten-
sity of the 29.9-eV line indicates a mixture of p;,, and
D12 states in 2C, since pure p;,, states lead to stronger
intensity of the transition from ds,,. Consequently, we
believe that the bound excitonic states consist of hybri-
dized levels.

Higher-energy structures in the conduction DOS can
be observed above the 30-eV loss. The peaks at about
32.0 and 30.8 eV, at 34.7 and 33.6 eV, and at 37.5 and
36.5 eV may be assigned to 3C, 4C, and 5C final states,
respectively. These roughly support the f, g, and h struc-
tures obtained by CIS.?? In this spectral region, low pri-
mary energies are preferred, due to the reduced intensity
of the second harmonic of the 18.7-eV plasmon.

At low primary energies, the relative intensity of the
transitions to 1C are considerably enhanced (see the rela-
tive intensities in Fig. 5). This effect is attributed to the
relaxation of the optical selection rules, resulting in the
enhancement of transition matrix elements to 1C, which
is dominated by s-type orbitals.

IV. SUMMARY

Reflection EELS of SnS, up to 40 eV has been present-
ed and interpreted, with comments on several comple-
mentary studies of this system. Several aspects of the
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technique capabilities are examined, especially the sensi-
tivity to excitation of complex collective modes.

The present results are essentially consistent with the
existing band-structure data of SnS,, but reveal some
discrepancies concerning the conduction-band energies,
which indicate the importance of electron correlations.
It is found that excitons, associated with the Sn(4d) core
level, have extremely large binding energies, determined
to be about 1.5 eV. This value is much higher than 0.4
eV suggested by a previous reflectivity study,!” but is
lower than the value derived from the comparison of that
reflectivity study with BIS experiments.?’ Probably,
these excitons are related to bound states of an atomic
size. A roughly rigid shift of the lowest conduction
bands can account, however, for our experimental data.

Using a simple two-plasma model, we have demon-
strated some general features of the low-energy-loss
structures. It has been shown that loss peaks, traditional-
ly attributed to single-electron transitions, have a collec-
tive character. The various plasmons can be alternatively
considered as the eigenmodes of interacting plasmas,
enhanced within the gaps of the single-electron transi-
tions.

This interpretation emphasizes the physically different
origins of the loss and the optically measured peaks,
reflected also in their appearance at different energies.
Furthermore, it clarifies the different properties of the
various modes, such as their surface character and their
linewidths.

The macroscopic approach used here is very successful
in quantitatively accounting for the loss frequencies, as
well as for the loss intensities. However, it is limited in
describing broadening processes, and dispersion in partic-
ular. Further investigation is necessary to clarify the mi-
croscopic origin of the broadening effects.
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