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Determination of the Se Atom Distribution in the Layered Compound
Nbs(Se;_.I,)I; by Scanning Tunneling Microscopy
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The layered compound Nbs(Se_,I,)I; is obtained when the I
atoms at the face-capping sites of the layered compound
Nb;lg are replaced by Se atoms. The amount and distribution

of the Se atoms in Nbz(Se; 4I,)I; were examined by scanning
tunneling microscopy. The analysis shows that the
distribution of the Se atoms is completely random.

It is a challenging problem to study how chemical substi-
tution or doping affect the structural and electronic proper-
ties of a material at the atomic level. A local-probe tech-
nique such as scanning tunneling microscopy (STM)MPI
provides information about localized defects of a modified
material, as demonstrated in a number of STM studies on
layered compounds?®~® and alloys.["/¥] Recently, a number
of ternary compounds Nb3;YX; (X = halogen, Y = chal-
cogen) have been prepared.”] As shown for
Nb;S;_J74 1" a wide range of mixed crystals between
NbsXg and Nb3;YX; can be obtained. These compounds
are related to the layered halides Nb;Xg (X = CI, Br, I),[!!]
whose building block is an NbsX;; cluster (Figure la).
Nb3 Xy layers are obtained from these clusters upon sharing
their outer octahedral edges (Figure 1b) in such a way that
the two surfaces of an Nb;Xg layer are different: One sur-
face (surface A) has the triangular face of each Nbs trimer
capped by the X(4) atom, while the other surface (surface
B) has the edges of each Nbj trimer capped by the X(1)
atoms. The layers of Nb;Xg are stacked such that the in-
terface between adjacent layers consists of either surface A
or surface B (Figure Ic). Our single-crystal X-ray diffrac-
tion analysis of different NbsSe;_ I;.,, samples shows that
only the face-capping site, i.e., [(4), is replaced by Se. When
0 < x < 1, the face-capping sites of NbsSe;_ I, are occu-
pied by either I or Se so that each NbsSe;_ I, . layer con-
sists of Nbsl;3 and NbsSel;, clusters. In this paper, we de-
monstrate that the amount and distribution of the Se atoms
in NbsSe;_I;,, can be determined by STM.

Typical STM images of NbsSe,_ I, are divided into
two groups, A and B, because the surface of the
NbsSe; - I7+, sample mounted on the support can be either
surface A or surface B. The STM images of group A show
patterns of three bright and one less bright spots per unit
cell (Figure 2a). This pattern can be readily seen by filtering
the observed image by the two-dimensional fast Fourier
transform procedure, as illustrated on the upper left part of
Figure 2a. The STM images of group A exhibit image de-
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Figure 1. (a) Perspective view of an [Nb;X;5]>~ cluster, where the
small and large circles represent Nb and X atoms, respectively; (b)
top, (001) projection of a single Nb;Xg layer; the X(4) and X(1)
atoms occupy the face- and edge-capping sites of each Nbjs cluster,
respectively; the X(2) atoms bridge two clusters, and the X(3) atoms
connect three Nbs clusters; (c) schematic projection view of how
the Nb;Xy layers stack in Nbslg; the shaded circles represent the
Nb atoms, the large open circles the X(4) atoms, and the small
open circles all other X atoms

fects as dark spots that have the size of approximately one
cluster unit. The STM images of group B show one bright
spot for each unit cell, with varying degrees of brightness
(Figure 2b). The STM images of group A and B recorded
for Nb;Se_ I, . refer to the surfaces A and B, respectively.
When the image defects are neglected, their unit cell pat-
terns are similar in pattern to the partial density plots p(rg,
Ey) calculated for surfaces A and B of Nbslg, respectively.[!?]

Figures 3a and 3c show representative STM images re-
corded for the surface B of NbsSe;-41776. The image of
Figure 3a was obtained with I poinc = 3.82 nA and Vi, =
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Figure 2. (a) STM current image of Nb3Seg 36l7.64 (Viias = —164.8
mV, I poine = 19.89 nA); (b) STM current image of NbsSeq g9l7.01
(Vbias = —300 mV, Isel-poinl =348 nA)

—517.9 mV, and that of Figure 3¢ with /i poine = 15.98 nA
and Vi, = —481.3 mV. The tip-sample distance in contact-
mode STM decreases with decreasing the resistance gap,
Raap = Voias!/ Lserpoint- > Thus, the strength of the tip-
sample repulsive interaction, and hence the extent of the
sample indentation induced by the tip force, increases with
decreasing Rg,p,. Y The values of Rg,, used to obtain the
STM images of Figures 3a and 3¢ are 135.6 and 30.12 MQ,
respectively, so that the tip-sample repulsive interaction
leading to the STM image of Figure 3¢ was much stronger
than that leading to the STM image of Figure 3a. To see
how often the spot of any given contrast occurs in the STM
image of Figure 3a, the contrast of each spot in this image
was analyzed. The histogram of Figure 3b shows how many
times (in relative number) the spot of a certain contrast oc-
curs as a function of the contrast. The corresponding analy-
sis carried out for the STM image of Figure 3c is summa-
rized in Figure 3d. The bright and less bright spots are
more clearly separated in Figure 3d than in Figure 3b. As
will be shown below, the concentration ratio [Se]/[I(4)] in
NbsSe;— I7+,, which is given by (I — x)/x, is equal to the
number ratio of the dark spots to the bright spots in the
STM images of group B. Thus, the difference between the
Nbsl;; and NbsSel;, clusters in NbsSe; I;., is more
clearly distinguished when the tip-sample force interaction
is stronger. The reason for this observation will be discussed
in our forthcoming paper.!3!

The above discussion shows that the content and distri-
bution of Se in NbsSe;_ I, can be detected by STM. To
examine the nature of the Se atom distribution in
NbsSe; - I7, ., we analyzed the STM images recorded for
the surface B of NbsSe;_ I, . It is easy to assign whether
a given spot of the STM image is associated with the Nbsl;3
or the NbsSel,, cluster; consequently, a given STM image
can be converted into a digitized image consisting solely of
bright and dark circles representing the Nbsl;; and
NbsSel;, clusters, respectively. For instance, Figure 4 shows
four digitized images obtained from the STM images deter-
mined on four different surface regions of NbsSeg 417 76.
The amount of Se determined from the digitized images
is in good agreement with that determined by wavelength-
dispersive X-ray (WDX) analysis. In the digitized images,
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Figure 3. (a) STM current image recorded for surface B of
Nb3S€0_24I7_76 (Iset—point = 3.82 HA, Vbias = —517.9 mV), (b) histo-
gram of how often the spot of any given contrast occurs in the
STM image of (a); (¢) STM current image recorded for surface B
of Nb3Seg2417.76 User-point = 15.98 nA, Vi = —481.3 mV); (d)
histogram of how often the spot of any given contrast occurs in
the STM image of (c); the images of (a) and (c) were obtained from
the same sample surface, but the positions are not the same due to
the thermal drift during the measurements; the contrast variations
in (a) and (c) cover the same range and are proportional to In 7

bright and dark circles form a hexagonal lattice in which
each circle is surrounded with six nearest neighbor circles.

Figure 4. Digitized images derived from analyzing surface B STM
images of NbsSeg-41776 (30 nm X 30 nm); bright and dark spots
refer to the Nbsl;; and NbsSel,, clusters, respectively

To determine if the distribution of the Se atoms is ran-
dom, we examined each dark circle of the digitized image
and counted how many of its nearest neighbor circles are
dark circles. If the distribution of the Se atoms in
NbsSe; - I is truly random, then the probability p(m) of
finding m = 0, 1, 2, 3, 4, 5, or 6 dark circles as nearest
neighbors of a given dark circle can be described by a bi-
nomial distribution (Equation 1)

plm) = [6Uml(6 — m)I(1 — xp"()° " M

The p(m) values predicted by Equation 1 are compared
with the experimental values determined by analyzing the
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digitized images of NbsSe 417 76 in Figure 5, which shows
an excellent agreement between the theoretical and exper-
imental p(m) values. The same result is obtained with
samples of different Se content. Thus, the distribution of
the Se atoms in NbsSe; . I;, is random.

1

Figure 5. Comparison of the theoretical and experimental p(m)
values determined for the distribution of the Se atoms in
Nb;Seq 2417.76

In summary, we determined the content and distribution
of Se in NbsSe;_ I;., by carrying out STM experiments.
Our work shows that the Nbsl;; and NbsSel,, clusters are
distinguished by STM, and that the distribution of the Se
atoms in NbsSe;_ I, . is random.

Experimental Section

Single crystals of NbsSe;_ I, . were obtained by heating mixtures
of the elements in evacuated sealed silica tubes as described in
ref.l'"! To avoid the twinning of crystals, the tubes were rapidly
quenched at the end of reaction. Higher niobium iodides and ni-
obium selenide iodides were separated from the desired product by
sublimation before opening the tubes. The purity and homogeneity
of the products were checked by powder X-ray diffraction. The
structure and chemical composition of the products were deter-
mined by single-crystal X-ray diffraction analysis and by WDX
analysis using B-Nbslg and LT-NbSe,I,!'¥ as standards. Samples
of NbsSe;_.I;,, were examined by STM, as described for Nbslg
elsewhere.!'?l Contact-mode STM measurements were carried out
on freshly cleaved surfaces of the mounted crystal samples at ambi-
ent conditions using a commercial scanning probe microscope
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Nanoscope II (Digital Instruments, Inc.), mechanically sharpened
Pt/Ir 70:30 tips for STM, and commercial cantilevers with SizNy
probes for AFM.
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