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Optical-absorption spectra for E parallel and perpendicular to the layers have been measured for NbS,
single layers in the range from 1.8 to 3.1 eV by aligning particles in a water suspension using a magnetic
field. A large weakening of the interband transition at 2.7 eV is observed in E perpendicular to the layers,
consistent with recent theory on the absorption anisotropy of single-layer NbS,. The particle alignment in
the magnetic field indicates that the magnetic susceptibility perpendicular to the layers is enhanced over the
bulk value, in agreement with recent theory for single-layer NbS,.

I. INTRODUCTION

For some time there has been a wide interest in two-
dimensional systems from both a theoretical and experimen-
tal point of view. We report here on a study of the optical
anisotropy of oriented single-layer suspensions of the metal-
lic layered compound NbS,. We believe that this is the first

" study on the anisotropy of isolated single layers of a solid.

NbS; is one of the transition-metal dichalcogenide (TMD)
layered compounds, a group of materials much studied be-
cause of their charge-density wave formation and intercala-
tion properties."? The TMD’s are often considered to be
two dimensional because of the high anisotropy resulting
from strong bonding in the layers and weak interlayer in-
teractions. The effect of interlayer interactions on the band
structure have been explored theoretically;>-> however, an
experimental probe of layered compounds with and without
interlayer interactions would be of considerable interest. In
this regard we believe that studies on single layers can
uniquely contribute to the understanding of layered materi-
als. The NDbS, structure studied here consists of stacks of
molecular sheets or layers which we call ‘‘single layers.”
Each single layer is composed of a sandwich of Nb sheets
between two S sheets. In the bulk NbS, starting material
the unit cell consists of two single layers with the ABAB
stacking.®

Optical studies of the TMD’s have provided a great deal
of information about the electronic properties and band
structures of layered compounds.-® But these studies are
primarily confined to measurements with the incident light
normal to the layers (E!l layers). The only measurements
available on metallic layered compounds for EL layers are
reflectivity measurements performed normal to the ‘“‘edge”
plane of as-grown crystals.®! Such work is severely limited
by the availability of suitable crystal edges. In this paper we
use a novel method for studying the optical anisotropy of
the layer materials—aligning small crystal platelets in
suspension in a magnetic field—and report the experimental
results for NbS, single-layer suspensions. It is well known
that materials with a large anisotropy in the magnetic sus-
ceptibility X tend to align with the greater X direction paral-
lel to the field. For example, 2H -TaS, crystals have a
greater susceptibility in the direction perpendicular to the
crystal layers® (X, /X, is around 2.2-2.5) and thus Ta$, pla-
telets tend to align with the layers perpendicular to the field.
A similar situation arises for NbS, platelets as is easily con-
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firmed by suspending an NbS, single crystal in a magnetic
field.

NbS, single-layer suspensions can be obtained by inter-
calation of hydrogen and water followed by ultrasonic
dispersion.!®!!  The optical absorption of dilute NbS,
single-layer water suspensions was measured from 1.77 to
3.1 eV at room temperature for both EIIB,kLB and
ELB,kLB up to fields of 23 kG (for high fields this means
approximately E L layers and E|l layers, respectively).

II. EXPERIMENT

Single-layer suspensions of NbS, were prepared by inter-
calation of hydrogen and deionized water into NbS, crystals
followed by ultrasonic dispersion as described elsewhere.!!
For optical absorption studies dilute suspensions of about
0.05 mg of NbS, per ml were used. The particle lateral
sizes, measured in an electron microscope, were in the
range 50-300 nm with a typical lateral size of about 200 nm.
The suspensions studied lasted for two weeks without seri-
ous flocculation. The basic optical arrangement used a
double-beam setup with two chopping frequencies. A pair
of quartz optical cells with a 10-mm path length were used
as the sample and reference cells. They were fixed one over
the other in the same vertical plane in the horizontal mag-
netic field. A schematic diagram showing the alignment of
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FIG. 1. Schematic diagram showing the alignment of single-layer
NbS, (represented by short lines) in water in a magnetic field. The
directions of the polarized incident light and the magnetic field are
also shown. The diagram indicates that the layers tend to orient
such that they are nearly perpendicular to the magnetic field.
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NbS, single layers in a magnetic field and the relationship
between the directions of the polarized light and the mag-
netic field is shown in Fig. 1.

IIIl. RESULTS AND DISCUSSION

Figure 2 shows the absorption spectrum of a single-layer
NbS; suspension for B=0 and 23 kG for EIlB and ELB.
When B =23 kG, a large difference is seen for the inter-
band absorption peak height at 2.7 eV for EIlB and ELB.
The main peak height for ELB is about 9 times that for
EllB, while the main peak height for B=0 is exactly in
between. Figure 3 shows the relation of the absorption
peak height (Iy/I at A =460 nm) versus magnetic field for
both EIlB and ELB. It is clear that the observed optical ef-
fects are due to a particle orientation. The response time of
particle rotation was observed to be about a second. The
alignment of the particles is compromised by the thermal
fluctuation of the particles in water; however, the tendency
for the absorption curves to saturate clearly indicates that
there is significant alignment of the NbS, single layers at 23
kG.

The absorption anisotropy of a suspension of optically an-
isotropic platelets has been treated by Li et al.!> For absorp-
tion constants a; and «y (for E, and E to the plane of the
platelet) one has for Ell B:

p(6)dQ
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FIG. 2. Optical absorption of an NbS, single-layer suspension in a
23 kG magnetic field for EI!B and E LB, compared with that in
zero field.
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FIG. 3. Single NbS, layer absorption peak height (/7 at A = 460
nm) vs magnetic field for both EIIB and ELB polarized incident

light. Points: experimental data. Solid lines: a computer fitting by
Li et al. (Ref. 12).

where [ is the intensity, 6 the angle between the platelet
normal and B, ¢ the platelet thickness, and p(8) the proba-
bility that the platelet normal is in the solid angle dQ2. p(8)
depends on B and the sample magnetic anisotropy and is
given by

VB?
moksT

p(8)xexp [xu+ (X, —Xy)cos] , 2

where X, and X, are the magnetic susceptibilities parallel
and perpendicular to the layers and V is the platelet volume.
Integration of Eq. (1) over Q and ¢ gives

—L=exp[an—(au—al)(cosm)]t , (3)
I
cos0p(8)dQ
(cos?9) = id 4)
p(6)dQ
where I is the incident intensity.
A similar expression can be obtained for, E LB:
1, + -
0 _exp| ZLT AN | FNT XL (cos?0) |t . 5)
I,s 2 2

This treatment ignores refraction, reflection, and demagneti-
zation effects of the single layers. It can be shown from
Egs. (3) and (5) that

In(Zypg/Iyg=0)/In(I g=0/I ) =2

and this can be used as a test of the theory. From Fig. 2 we
obtain a value of 2.7 at the peak absorption, in reasonable
agreement with theory, considering the assumptions made.
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A computer fit using Egs. (3), (4), and (5) has been
made!? and the result is shown in Fig. 3. This fit leads to a
magnetic anisotropy (X, =X;)=25%10"% (CGS units) for
single-layer NbS,, where a layer thickness of 0.6 nm and a
typical lateral dimension of 200 nm were used (a calcula-
tion!? using a distribution of lateral sizes including the range
50-300 nm gives essentially the same result). This value of
(X, —Xy) is about 4 times larger than the experimental
value 6.2x107% for bulk 2H-TaS,.° Bulk values for 2H-
NbS, are not available but we expect that they are close to
that for 2H -TaS,. Thus the anisotropy of single-layer NbS,
appears to be a few times larger than that for comparable
bulk layered compounds.

Recent calculations by Li et al!? of the band structure for
single-layer NbS, have been carried out using a tight-
binding model with zero interlayer interaction, and the mag-
netic susceptibility of single-layer NbS, has been calculated.
The results of this calculation give a X that is relatively un-
changed from the expected bulk value and an increase in X
of a factor of about 3 over the expected bulk value. This
increase is consistent with the increase in the magnetic an-
isotropy required to account for the observed alignment of
the single-layer NbS, suspensions in a magnetic field. The
enhancement in magnetization comes mainly from the band
narrowing and increase in density of states at the Fermi lev-
el for single-layers. It is of interest to note that calculations
for isolated Ni monolayers also indicate an enhancement of
magnetization.!?14

Since the layers of NbS; are nearly aligned perpendicular
to B at high fields, it is reasonable to say that the main peak
height for Elllayers (EIIL) is about 9 times that for
Ellayers (ELL) according to Fig. 2. To express the ab-
sorption peak in terms of the absorption coefficient a, we
can assume that « is the same for the case of EIIL,k!IL
and for that of EIIL, kLL and assume in our experiment
the ‘‘effective thickness’’ of the sample is the same for both
EIL,kIIL and ELL, kIl L (this ignores ‘‘refraction’ by the
single layers). Using a value of ay of 6.5%10° cm~! at the
main absorption peak for NbS, for EIIL,kLL,”® and
neglecting reflection and scattering effects, which we do not
expect to be significant for very high values of the absorp-
tion constant, we can estimate that the sample effective
thickness is about 45 nm. This gives an «; of about
1.6x10° cm™! for ELL at the main peak. That is, ay/a is
about 4 at 2.7 eV. Calculations have been carried out re-
cently by Li ef al!? on the optical absorption of single-layer
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NbS, taking into account polarization effects where both
joint density of states and oscillator strengths are calculated
(including oscillator strengths is essential to give agreement
with experiment). They consider (below 5 eV) only transi-
tions from the occupied “‘p/d’ valence band to the half-
filled ““dz*> conduction band!’ and obtain a value for a /a
of about 3 at 2.7 eV, in reasonable agreement with our
results. No such calculations have been carried out to date
on the optical anisotropy of bulk NbS, or other layered com-
pounds.

It is of interest to compare our measurements on single-
layer NbS, with the anisotropic reflectivity from the edge of
crystals of 2H-NbSe, and 3R -NbS,.8 We note that for 2H -
NbSe, there is a weakened reflectivity peak at 2.5 eV for
ELL relative to EIIL, and for 3R-NbS, a strongly
suppressed reflectivity peak is observed for ELL. The
strong suppression of the transition for ELL for both the
3R -NbS, and the single-layer NbS, results gives support to
the view’ that the 3R structure with an ABCABC stacking
for the Nb atoms is more ‘‘two dimensional’’ than the 2H
structure with its in-line Nb stacking.

IV. CONCLUSION

The alignment of NbS, single layers in suspension in a
magnetic field has been observed using the anisotropy in
the optical absorption of an interband transition at 2.7 eV.
The results indicate that the magnetic susceptibility perpen-
dicular to the layers is enhanced over the bulk value, in
reasonble agreement with recent theory on single-layer
NbS,. The weak absorption at 2.7 eV observed for E per-
pendicular to the layers is consistent with recent theory on
the optical anisotropy of single-layer NbS,.

We also note that the alignment of small crystal platelets
(not necessarily single layers) in suspension in a magnetic
field can be applied to optical anisotropy studies of many
other layered materials.
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