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The superconducting resistive transition of the layer compound NbSe2 has been ob-
served for crystals a few layers thick. The &~ decreases as the crystal thickness is
reduced below six NbSe2 layers, and a T~ of 8.8'K is predicted for a single layer. No
significant increase in the transition width is observed as the number of N48e& layers is
reduced. The results are compared to recent vwrk on intercalated layer compounds,

There is at present considerable interest in the
possibility of "two-dimensional" superconductivi-
ty occurring in layer compounds such as Ta82 and
NbS„where the layers have been separated by

0
organic molecules by as much as 57 A. ' As a dif-
ferent approach to the problem of tmo-dimension-
al superconductivity, we report here on some
measurements of the superconducting transition
temperature for ultxathin single crystals of the
layer compound NbSe, .

The NbSe, crystal is made up of stacks of NbSe,
layers, each layer consisting of a sheet of Nb
atoms between two sheets of Se atoms. The sep-
aration of the Nb sheets is 6.3 A. Because of the
weak bonding between adjacent Se layers, the
crystals are easily cleaved. We have studied the
2H modification of NbSe„where there are two
layers per unit cell, giving a unit cell dimension
(c,) of 12.6 A.' The superconducting transition
temperature of 20-NbSe, is 7 K.' Our single
crystals mere gromn by standard transport reac-
tion procedures, using iodine as the carrier.

We have prepared thin crystals on three differ-
ent substrates, namely, mica, epoxy, and fused
quartz. Thin crystals are obtained by sticking a
crystal onto the substrate and peeling it away un-
til a very thin crystal remains on the substrate.
In the case of mica and quartz substrates, the
crystals stick because of strong surface forces.

The resistive transition for different thickness-
es of NbSe, single crystals is shomn in Fig. i.
The se,mple resistance is shown as ohms per
square which is the resistance of a square sample
of a given thickness. Since the crystal thickness
is inversely related to the x'esistance per square„
it can be seen that T, decreases as the thickness
is reduced. The steps in curves a and c shorn
that these samples consisted of different thick-
nesses: Here the resistance per square refers
to the thinnest region. Smell steps slightly above
7.0'K are seen with samples a and c. These are
due to a thick part of the sample going supercon-
ducting and can serve as a temperature calibra-

tion. The widths of the resistive transition, mea-
sured from the 10 and 90% points, are in the
range 0.2 to 0.3'K and show no significant change
with decreasing thickness. The widths for un-
strained bulk crystals are in the range 0.1 to
0.2'K. The sample currents were along the layers
in all cases and precautions mere taken to ensure
that the low-current resistive transition mas mea-
sured (shifts in T, of 0.1'K were observed for
current densities of 10' to 10' A/cm2).

A T, slightly above 7.0'K in Fig. 1 results from
strain introduced by the substrate on cooling. We
have observed a T, as high as 7.5'K and transi-
tion widths of -1'K for some samples on epoxy
(sample compression). For crystals on a quartz
substrate (sample tension)„ the T, is reduced to
about O'K, and similar resistive steps are seen
with decreasing crystal thickness. Mica appears
to be a fairly good substxate match for NbSe, .
The strain effects noted here are in qualitative
agx'cement with the obsex'ved increase in T, for
Nbse, under hydrostatic pressure' (although c-
axis strain, as well as a-axis strain, is occur-
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FIG, 1, The superconducting resistive transition for
various thicknesses of NbSe2 crystals. The arroz' in-
dicate the Tc for unstrained bulk crystals. Curve a,
epoxy substrate; curves 5, c, and d, mica substrate.
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ring for samples under hydrostatic pressure).
Since the shift in T, with decreasing thickness is
observed for very different states of sample
strain, we conclude that the effect is not due to
strain. We have observed changes in T, for some
samples after several coolings; however, as ex-
amples of reproducibility, the same resistive
transition was observed for sample b after three
days and for sample c after a period of 22 days.
The experiments were all carried out in British
Columbia air, the samples being stored in a dark
dessicator when not in use.

The thickness of a crystal or film may be ob-
tained from the resistance, if the resistivity is
known. We have measured the temperature de-
pendence of the resistivity for samples b and d
in Fig. 1 and find that the ideal resistivity is very
similar to the behavior of the ideal resistivity
for bulk NbSe, crystals, "namely, linear for T
&100'K and -T' in the range 20 to 40'K. The re-
sistance ratio R(300'K)/A(8'K) was 14 for sample
b, 11 for c, and 15 for d, as compared with 16
for our bulk crystals. It thus appears that there
is no significant size effect on the resistivity of
these samples. This is not too surprising for a
layer structure such as NbSe„which has perfect-
ly smooth surfaces' and where the carriers
would tend to remain with a layer. Because
strain can affect the resistivity at low tempera-
tures, we have used the 300'K resistivity of 160
x10 ' 0 cm for our bulk crystals, and the resis-
tance per square at 300'K to calculate the thick-
ness of the thinnest parts of samples b, c, and d
in Fig. 1, and expect this to give reliable values.
With sample a however, a resistance ratio of
only 3 was observed for the thinnest region (as
compared with a value of 11 generally observed
with epoxy substrates), so that a thickness ob-
tained from the resistivity is no longer reliable.
%'e have also observed a. T, of 4.6 K for a simi-
lar sample on epoxy with a resistance ratio of 3.
We intend to study the resistivity of such samples
in greater detail; however, it is safe to say that
both of these crystals are thinner than sample b.
The thicknesses calculated from the resistivity
are in the range 30 A and less. Such thicknesses,
although small, have been obtained with crystals
of WSe, ' and also with MoS„where the thickness
was measured using the electron microscope. '

The dependence of T, on crystal thickness is
shown in Fig. 2. The T, values were taken for
50% of the normal resistance for the thinnest re-
gions of Fig. 1. It is seen that T, starts to drop
significantly from V. O K at a thickness of about
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FIG. 2. The superconducting transition temperature

of NbSe2 plotted against calculated crystal thickness t
(filled circles); the open circles give the crystal thick-
ness to the nearest multiple of the single-layer thick-
ness. The T for intercalated NbS& (square) and inter-
calated TaS2 (triangle) are also shown.
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40 A, or three unit cell layers. Now the crystal
thickness must be multiples of 6.3 A, the thick-
ness of a single layer. The open circles in Fig.
2 show the thicknesses as multiples of 6.3 A; a
thickness of 12.6 A has been assigned to sample
a and to a similar crystal mentioned above. The
results predict a T, of 3.8'K for a single NbSe,
layer. Also shown in Fig. 2 are the results of
Gamble et al. ' for the transition temperatures ob-
tained from the onset of superconductivity as
measured by susceptibility for bulk NbS, interca-
lated with aniline, giving a layer separation of
18.1 A, and bulk TaS, intercalated with steara-
mide, giving a layer separation of 57 A. Our T,
results give support to the suggestion that layers
widely separated by intercalation are to a large
extent two dimensional. When crystals are inter-
calated, the width of the transition is observed to
increase from less than 0.2'K to 0.5 to 1 K, '
whereas our results suggest that the transition
width for a single layer of NbSe, may not differ
significantly from the bulk value. The broadened
transition may be intrinsic to intercalated ma-
terials, as suggested by Di Salvo et al."
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The energy-loss spectra of 25-keV electrons transmitted through thin amorphous Ge
and Si films have been measured in the range of very small energy losses between 25
and 400 meV. The resolution was 4 and 6 meV. The main intensity in the spectra is lo-
cated at low energy and is caused by "defect-induced" two phonon excitation.

In a series of former papers" monoenergetic
fast electrons (25-35 keV primary energy) were
shown to interact strongly with optical phonons
and surface phonons' in ionic crystal films. The
strength of interaction of fast electrons appeared
to be quite similar to that of electromagnetic ra-
diation, which is strongly absorbed by ionic crys-
tals at the frequencies of the transverse optical
vibrations because of the large dipole moment
connected with the vibrating lattice.

In the present paper the interaction of elec-
trons with thin films of amorphous germanium
and silicon is investigated. Since these targets
consist of atoms of the same sort, light can cou-
ple with lattice vibrations only via transition mo-
ments of higher orders, and weak absorption due
to two-phonon excitation is observed instead.
For example, the maximum absorption coeffi-
cient of LiF is K = 40 000 cm ' which is to be
compared with K=30 cm ' in the two-phonon re-
gion of Ge.' Two-phonon excitations by fast elec-
trons, therefore, are expected to be very weak,
and energy losses corresponding to these pro-
cesses would be observed only under great di ffi-
culties. Fortunately, as it turned out, these dif-
ficulties were not that serious because the inten-
sity of the corresponding energy losses can be
enhanced to a certain extent by the distorted
structure of the films.

The highly resolved electron energy-loss spec-
tra of Ge and Si (Figs. 1 and 2) were obtained by
means of a Wien filter spectrometer. ' The ener-
gy of the electrons was 25 keV, the energy reso-

lution 4 and 6 meV. The self-supporting films
(thickness between 150 and 650 A) have been pre-
pared by evaporation on to a freshly cleaved
NaC1 crystal. Electron diffraction shows the
amorphous structure of the films. During hand-
ling the films were exposed to open air so that
some oxidation of the films occurs.

The intensity of the energy losses within the
phonon region (indicated in Figs. 1 and 2) de-
pends on the conditions during the preparation of
the film, that is on the residual gas pressure
and on the rate of evaporation, if the pressure is
not too low. The phonon intensity increases with
decreasing rate of evaporation and with increas-
ing pressure. The same behavior is found for
the electric resistance p, of the films. ' One rea-
son for this dependence is that during the evapor-
ation the material is contaminated by residual
gas atoms, mainly oxygen. Secondly, the micro-
structure of the films will depend on the condi-
tions during evaporation, in the sense that the
distortion of the Ge tetrahedra, their mutual or-
der, and the density of voids vary. Hence it is
concluded that the noticeable increase in intensity
of the two-phonon energy losses is due to "defect-
induced" two-phonon excitation. This effect is
quite analogous to defect-induced one-phonon ex-
citation discussed by Dawber and Elliot. ' Accord-
ingly the two-phonon intensity is particularly
weak for the films evaporated in ultrahigh vacu-
um or for heat-treated polycrystalline films.
Simultaneously the underlying background con-
tinuum indicated in Fig. 1 increases. The posi-
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