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The first observations of cyclotron resonance and the Shubnikov-
Haas effect are reported for the layer compound InSe. The Cyclo
tron effective mass is found to be 0.13 iDq. Four series of
Shubnikov-de Haas oscillations have been observed. The Landau
level separations are shown to be determined only by the component
of magnetic field perpendicular to the c-axis. This apparently
two-dimensional behaviour is thought to be due to the presence
of defects which trap the carriers within a few layers.

Electrical transport measurements in the layer compounds InSe |j] and GaSe [2]
have shown that electrical conduction in these materials is highly anisotropic. In
particular conduction perpendicular to the layer planes exhibits an activated mob
ility, with a mobility ratio p j_ c/y||c -v 100 even at room temperature. This is
thought to be due to the presence of large numbers of stacking faults which inhibit
motion in the direction of the c-axis. In contrast exciton absorption [3,4]],
Resonant Raman [s] and time of flight [jQ measurements indicate that both the con
duction and valence bands exhibit very little anisotropy with the effective mass
showing some evidence of an anomalous anisotropy with m || < m^. Both two and three
dimensional band structure calculations have been found to provide a good descri
ption of the density of states measured by x-ray photoemission [j0,llj. The
present paper reports measurements of cyclotron resonance and Shubnikov-de Haas
oscillations in InSe, which demonstrate that the cyclotron orbit remains trapped
within the layer planes, and thus exhibits an apparently two-dimensional behaviour.

The samples of InSe were grown by the Bridgemann technique and are thought to be
mainly of the €3.^(1) poly type, with some of the DshCe) poly type also present. These
two structures transform very easily into each other in the presence of stacking
faults [3] .

Cyclotron resonance absorption was measured in the Faraday geometry using 337
pm, 311 pm, 195 pm and 119 pm radiation from far-infrared gas lasers, at lattice
temperatures between 10 K and 40 K. Figure one shows typical recordings of the
magnetotransmission taken at 10 K in the orientation b||c , and with the magnetic
field oriented at 45° from the c-axis. For b||c there is a resonance absorption
which narrows rapidly with increasing frequency. The effective mass is deter
mined as 0.128 mg, 0.132 mo and 0.137 mo at 337 pm, 195 pm and 119 pm respectively.
This is the first direct experimental determination of the electron effective mass
using resonant techniques. It compares with values of fitting resonant raman
scattering amplitudes [s]]. Bourdon et al Q2]] have estimated mj_as 0.18 m^, from
k.p perturbation theory. The exciton reduced effective mass m has been foimd to be
0.715 mo for direct Eo gap excitations from fitting the excitonic Rydberg Qo]] and
diamagnetic shift [Tl, while the Ej direct gap exciton mass was determined as 0. 119
mo from the Rydberg [j4] and magnetoabsorption 05^. It is thus clear that the
exciton reduced mass is dominated by the electron contribution.

The linewidth falls by a factor of two in going from 337 pm where wt=6 to 119
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Flg.l Cyclotron resonance of
InSe at a lattice temperature of
lOK for 337 ym (HCN-Laser), 195 ym
(DCN-Laser) and 119 ym (H20-Laser)
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ym where wt = 38, corresponding to an increase in relaxation time from 1 to 2 x
10"^^ sec. This effect is thought to be related to the decrease in cyclotron
radius, which is 132 A at 4.0 T and 74 A at 12.4 T, for the two resonance fields
respectively.

When the c-axis is rotated from b|| c, the resonance field for 337 ym radiation
is found to follow a B«cos 0 law up to 45°, where 0 is the angle between the mag
netic field and the c-axis. There is no strong change cot upon rotation.

Shubnikov-de Haas oscillations were observed in four samples (A-D) at 4.2 K
and 1.5 K (Fig. (2a,c)). The oscillations are complex and Fourier analysis reveals
the presence of up to four different oscillatory series (Fig. (2b)). The fundamental
fields are summarised in Table 1 for samples A, B and D which all show the
presence of four series with fundamental fields in the ratio 1 : 1.6 : 2 : 5.4.
The relative amplitudes of the different series varies strongly between the diff
erent samples with sample A showing a stronger contribution from series 4 and
sample D having a strong contribution from series 1. Sample C, with a lower
doping level showed one strong peak thought to be the fundamental of series 4.
The effective masses as deduced from the temperature dependence of the amplitudes
of the oscillations (m^) are shown in Table 1. The mass for the lowest series,
0.14, is in good agreement with that deduced from the cyclotron resonance data.
Using these masses the Shubnikov-de Haas periodicities are consistent with a
single Fermi energy for each of the samples, of 2.7, 3.1 and 3.2 meV for A, D and
B respectively. This corresponds to a doping level of 1 .8 x IqH cm ^ for the
first (mj = 0.14 mg) series of sample D in a two-dimensional model, or 4 x IqIS
cm~^ for a three-dimensional model. The alternative explanation for the presence
of several series would be due to the occupation of several non-degenerate band
edges, possibly separated by a few meV, which would result in differing relative
Fermi levels.

Table 1 : The Shubnikov-^de Haas Data

B_(T)
^1

Bpp) Bf(T) Bf(T)

Sample A 3.2 5.0 6.4 17.0

Sampie B 3.9 6.2 7.9 21.1

Sample D 3.7 5.9 7.5 20.1

(m^)
(all samples)

1+

o

.26 ± .04
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Two-Dimensional Behaviour of Electrons ....

The presence of four different effective masses and series of oscillations,
seen in the Shubnikov-de Haas data, is quite unexpected from band structure consid
erations [7-10,123]. However, it is possible that small p-type regions are present
in the vicinity of the stacking faults, where acceptors have accumulated. These
regions could give rise to Shubnikov-de Haas oscillations from holes, which would
explain the observation of lai^e effective masses. The hole (mj. ) masses have
been calculated by Bourdon Q2J to be 0.22 m^ (Tg) , 0.26 m^ (Fg) and 5 m^^ (Tj) .
Another possibility is that several non-degenerate conduction band minima exist
due to the presence of more than one polytype in the samples investigated. £-
and y- modifications occur mixed , in the Bri^emann samples [3, 16[j, and measure
ments on GaSe have shown that the band edges Qs]] , and exciton binding energies
[Y] , may be shifted by energies of the order of 1 meV between the non-equivalent
layers in e- and y- modifications. The strong intensity variations of the diff
erent series may thus be due to the polytypism of the particular samples studied.

Further evidence of the two-dimensional behaviour of the carriers is shown in
Fig. 3, where the Shubnikov-de Haas oscillations are shown as the c-axis is
rotated away from b||c. The oscillations and hence Landau level separations are
determined only by the component of B perpendicular to the c-axis, B*cos 0, up to
an angle of 80°. This two-dimensional behaviour is in complete contrast to the
exciton, [3, 1^, and band structure deductions. The most likely explanation lies
in the presence of large numbers of defects, which produce potential barriers
between the layers, and thus inhibit motion along the c-axis. The exciton may
still be able to behave in a three dimensional manner due to the smaller exciton
radius (50A). In the Drude formalism such an effect could be described in terms of
a highly anisotropic relaxation time since Tj_/Tii » 1 then the two cyclotron res
onances will decouple and an exact B»cos 0 behaviour will be observed.
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Fig. 2a Shubnikov-de Haas oscillations: second derivative of the resistivity for
samples B (lower trace) and D (upper trace) at 1.5K ^ Fourier analysis reveals
the periodicities 1/Bf of the complex oscillations". A comparison with the
original traces shows that in addition to the fundamental periodicities shown in
Table 1, higher harmonics are also present due to peak sharpening in the original
recordings
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Pig. 2c Shubnikov-de Haas oscill
ations in a pulsed magnetic field
for sample B at 4.2K; At 20T and
lOT resistivity maxima belonging
to series 4 with a fundamental field
of Bf4=21T are clearly visible. The
higher order maxima of this series
at lower magnetic fields are strong
ly dampened due to its high mass.
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Fig. 3 Angle dependence of the Shubnikov-de Haas oscillations for sample D
up to an angle of 0(t,c) = 80°! The traces show that the conductivity depends
only upon the component B«cos 0 of the magnetic field perpendicular to the.layers
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