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We have carried out optical and transport measurements of the free carriers and optical measurements
of states above the semiconducting energy gap in the layered crystal Bi,Te;. We find that cooling causes
a substantial amount of spectral weight to condense from the above-gap states into the metallic states.

The properties of metallic systems formed by degen-
erate doping of layered semiconductors"? has proved in-
teresting because such systems can form metals with
unusual properties and superconductors with high criti-
cal temperatures. One of the simple, fundamental prop-
erties of these metals is the spectral weight,> which mea-
sures the ratio of the carrier density to its mass. In many
examples of such materials, this weight is apparently a
simple constant,>”* as a function of temperature, as ex-
pected for most metals. However, in principle, both the
electronic density and the effective mass can change. For
example, the electronic density can decrease drastically
with cooling in the well-known phenomenon of carrier
freeze-out lightly doped semiconductors,’ and it can also
decrease when charge-density waves form.! In contrast
to these constant or decreasing densities, we find an in-
creasing density in the zero-frequency mode. This sort of
increase in the density of a metal is rarely seen, but has
been observed in the Hall density® and to some extent in
the optical absorption’ of degenerately doped semicon-
ductors. We also see a decrease in the spectral weight of
states near the energy gap in Bi,Te;. We find, therefore,
a spectral condensation of nonconducting states into me-
tallic states. During this condensation, the free-carrier
density doubles, the predominantly inelastic scattering
drops by a factor of 10, and the direct and indirect energy
gaps become resolved.

We have produced a metallic band of holes by doping
this layered semiconductor®™'* with excess Bi during the
Czochralski growth process.'* The material crystallizes
in a five-layer sandwich structure (Te-Bi-Te-Bi-Te) with
rhombohedral symmetry'® [D3}, (R3m) space group], and
cleaves easily along the van der Waals bonds between
sandwiches to form mirror-quality faces.

The spectral weight in the zero-frequency mode is
defined by the square of its plasma frequency. We esti-
mate this frequency directly from minima in our
reflectivity spectra shown in Fig. 1(a). The reflectivity R
of one of our crystals is plotted over the lower part of the
frequency range that we have measured. The R data
were obtained by shining light from a Fourier-transform
spectrometer onto a large (~3X 3 cm?) face of the crystal
at an angle of incidence near normal (12°). The reflected
intensity was compared with that from a Au mirror refer-
ence, and the result was corrected for the reflectivity of
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the gold. These minima in R are classic indications* of
the screened plasma frequency wp, of a degenerate gas of
carriers, and the increase of wp, as the temperature T de-
creases can be seen immediately. We have measured two
crystals with slightly different doping densities and find
the same results.

To fix wp, accurately, we fit the region near the
minimum in R using?~* the Drude form for the complex
dielectric function e,

e=ey=wh /(E>+iE/T), (1

where € is the dielectric constant of the bands at higher
energy in the host semiconductor, I" is the scattering
rate, and E is the photon energy. We take I" as a con-
stant, assuming™ '® that the predominant inelastic scatter-
ing is due to phonon modes which occur'>!® mainly at E
well below wp,. These fits are shown in Fig. 1(a) as solid
lines, and indicate that, although the constant-I" approxi-
mation is not exact, the fit is adequate for determining
wps. As T decreases from 300 to 10 K, fitted values of the
spectral weight, w3, drop by a factor of 2. We use a con-
stant €5 =90 for the fits.

As the spectral weight in the metal increases, we find
that the scattering is predominantly inelastic (there is
only a small, constant contribution to I' as T—0)—a
surprising result, since we expect’ strong elastic scatter-
ing from the impurity atoms in a doped semiconductor if
the dopant atoms are randomly distributed in the lattice.
The values of I from the fits decrease with decreasing T
by a factor ~7 (from 22+1 meV at T =300 K), and a
similar decrease (by ~ 10) is also seen in the dc resistivity
p, plotted in the inset to Fig. 1(b). We suggest that the
elastic-scattering cross section is small because the excess
Bi preferentially occupies the central Te(l) sites in the
Te(2)-Bi-Te(1)-Bi-Te(2) sandwiches. According to the
band-structure results that are presented below, the
valence-band states near the Bi,Te, Fermi level have
minimal Te(1) character, so that reduced scattering
effects can be expected if impurities are substituted at
these sites. Furthermore, other elements can be substitut-
ed!® easily at these sites (as in Bi,Te,S). If this supposi-
tion of doping at the Te(1) site is correct, these materials
are natural, modulation-doped heterostructures with dop-
ing concentrated in a single layer (8§ doped).
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We argue that the increase in spectral weight involves
a carrier density increase, based on a comparison of the
values of w2, with our measurements of the Hall density.
We obtain the ratio of the metallic density n to the
effective mass m spectroscopically from w3 using

nm,/m=whm,ey/e?, )

where m, is the free-electron mass and e is its charge.
Figure 1(b) shows the ratio nm,/m as a function of 7,
where the open circles show the results for the sample
shown in Fig. 1(a) and the open squares show the results
for a second sample with slightly lower doping density.
Both samples show a near doubling of this normalized
density. For comparison, we have also measured the Hall
density ny,; using conventional dc transport
methods.®~!! The temperature dependence of ny,, is the

x
x 1020
§ c
£ o
) - — o k=
E :E: 101 - O c
c 1 — g 5 - 4 1
G 0 | I
0 100 200 300
(b)
0 | 1 0
0 100 200 300

T (K)

FIG. 1. (a) Reflectivity R for Bi,Te;:Bi as a function of pho-
ton energy E at three temperatures 7. The dots are data and the
curves are fits to determine values of the screened plasma fre-
quency wp, which are indicated by arrows. (b) Comparison be-
tween (i) the normalized carrier density nm, /m for two crystals
(open circles and squares, left scale) determined from wp,, and
(ii) values of the Hall density ny,; (closed circles, right scale) as
functions of T. The solid curve is a guide to the eye. The inset
shows the resistivity, p vs T.
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same as nm,/m within our experimental uncertainties,
but the difference in magnitudes (right and left scales) is
about a factor of 10. We conclude from this comparison
(and the factor-of-2 correction to ny,; from anisotropy)
that the effective-mass ratio® m /m, is 1/5, and that m is
roughly T independent. This m /m, is similar to the
value (0.106) determined from the T dependence of the
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FIG. 2. (a) Real part of the conductivity o for the same sam-
ple as in Fig. 1(a) as a function of E at three temperatures T
(dotted curve, 300 K; dashed curve, 100 K; solid curve, 10 K).
The arrow labeled E,; denotes a weak absorption edge at T =10
K (probably the indirect energy gap), while the second arrow
identifies a strong feature E,, (probably the direct gap). The
shaded areas indicate the region near the gaps which loses spec-
tral weight and the zero-frequency mode into which the spectral
condensation occurs on cooling. (b) Real part of the dielectric
constant € with arrows indicating the zero crossings for three
values of T which confirm our values of wp,, and the values of
€y ~90 near the gap region. (c) Normalized carrier densities
n/ngy calculated from the integrals over o (same notation for
the curves above). At E=100 meV, with decreasing T, the
large density increase in metallic states can be seen, as indicated
by the arrow, while at higher E the curves come back together,
indicating that the density shifts with cooling from above E, to
below.
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Shubnikov—-de Haas oscillation amplitude.” Assuming
one hole for each excess Bi atom, the dopant concentra-
tion per formula unit is 0.003 (i.e., Bi, gg3T€; 997).

We now consider the nonconducting states near the en-
ergy gap by analyzing the conductivity o at higher E.
We have carried out measurements over a range from a
few meV to about 3 eV and have performed a Kramers-
Kronig transformation®? of the R data. We use a con-
ventional extrapolation at high frequency and a Drude
interpolation to the measured dc resistivity [see inset in
Fig. 1(b)] at low frequency. We thus obtain the real part
of the conductivity o and the real part of the dielectric
constant € shown in Fig. 2. Our R at higher frequencies
than those shown in Fig. 1(a) is similar to that measured
previously.”!! In agreement with previous measure-
ments,”'>!? we find strong phonon absorption at low fre-
quencies, which, for clarity, we have subtracted (using
the Drude form) from the quantities shown in Fig. 2.
(We find that the phonons have a relatively small spectral
weight.)

The conductivity spectra in Fig. 2(a) show the change
in spectral weight near the energy gap as a shaded area,
with an arrow indicating the shaded region near zero fre-
quency where this weight reappears on cooling. We find
a clear separation between the metallic states and the
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FIG. 3. Comparison of (a) scalar-relativistic LAPW, (b)
scalar-relativistic tight-binding (TB), and (c) fully relativistic TB
[with the spin-orbit parameters &,(Bi)=1.12 eV, £;,(Te)=0.57
eV] bands near Ep for rhombohedral Bi,Te;, using the zone-
labeling notation of Togei and Miller (Ref. 18). The triangles,
squares, and crosses identify LAPW (TB) states with at least
20% (50%) Te(1), Bi,, and [Te(2)], orbital weight, respectively,
on the inequivalent sites of the five-layer Te(2)-Bi-Te(1)-Bi-Te(2)
sandwiches.
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states above the band edge. We can measure the spectral
weight changes quantitatively in these different parts of
the spectrum with an integral of o over frequency v,

w3, =8f0Eadv . A3)

If the cutoff E is taken to o, we have the sum rule which
describes the total electronic density. The partial sum?~*
is shown in Fig. 2(c), where n, calculated using Egs. (1)
and (2), is normalized to the density of atoms in a formula
unit n, and plotted as a function of the upper cutoff E of
the integral. Figure 2(c) confirms that the weight in the
zero-frequency mode (included at E ~ 100 meV) increases
strongly with decreasing 7, as indicated by the arrow. In
addition, however, it shows that the curves come back to-
gether by E ~250 meV, indicating that the decrease in
weight above the energy gap balances the increase in the
metallic mode. The values for n at E=100 meV in Fig.
2(c) are in agreement with the values in Fig. 1(b), and
also agree with the values from the zero crossings in the
real part of the dielectric constant € shown in Fig. 2(b).
The values of €~90 just below the band edge agree with
the €4 used to fit the raw R, indicating again that the
data analysis is self-consistent.

Several aspects of the materials need to be understood
in order to formulate a model of the physics involved in
the T-dependent properties. These include the degree of
compensation,»® the strong electron-phonon interac-
tions,® and the thermal excitations within the intrinsic
band structure.’”!3 Since the band structure is a funda-
mental component, we focus on it here.

Our calculations of the band structure, summarized in
Fig. 3, show that a small band gap is expected for Bi,Te;.
An accurate calculation is required because this gap is
small. As shown in Fig. 3(a), the results of a scalar-
relativistic linear-augmented-plane-wave (LAPW) band
calculation'” for this compound predict that it is a
direct-gap (E,; ~0.17 eV) semiconductor in the absence
of spin-orbit-coupling effects. In particular, these results
show that the filled valence and empty conduction bands
have predominant Te(5p) and Bi(6p) orbital character, re-
spectively. Consequently, this calculation provides a sim-
ple chemical understanding of the band ordering and gap
origin in Bi,Te; that is absent in previous calculations,
where spin-orbit coupling was essential for the gap-
formation process.!® According to the present scalar-
relativistic LAPW results, the states at both the valence-
band maximum (I'";/) and the conduction-band minimum
(")) are spatially nondegenerate, so that the relevant
spin-orbit effects will involve band shifts rather than
splittings.

We find that the transitions near the band edge are
strongly affected by spin-orbit coupling and arise from in-
direct transitions, with a direct gap at slightly higher en-
ergy. To show this, we have carried out an accurate
tight-binding (TB) fit (rms error ~0.24 eV) to the LAPW
results for the entire 20-band s-p valence—conduction-
band manifold (~—14 eV to +5 eV). The accuracy of
the results near Ej is illustrated in Fig. 3(b). Spin-orbital
effects have been added to this TB model using the atom-
ic spin-orbit parameters of Herman and Skillman.!> As
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shown in Fig. 3(c), this introduces a dramatic change in
the band ordering and connectivity near Ex. In particu-
lar, the large Bi(6p) spin-orbit parameter (~1.1 eV) re-
verses the scalar-relativistic ordering of the I'; and I’}
states. The resultant band uncrossings at neighboring k
points change Bi,Te; from a direct-gap to an indirect-gap
semiconductor. According to these model TB results, re-
duced direct (~0.08 eV) and indirect (~0.05 eV) gaps
occur at adjacent (uncrossed) valence- and conduction-
band edges in the reflection planes of the D3, space
group near the I'T line. While these band features are
believed to be qualitatively correct, it will require a fully
relativistic first-principles calculation of the Bi,Te; band
structure in order to obtain a quantitative understanding
of these important and novel features near E,. We sug-
gest that two features in the spectra of Fig. 2(a) at T=10
K are a gap at E,;=(1501+20) meV (probably indirect,
since the absorption near it is weak) and a sharp absorp-
tion increase at Eg;=(220120) meV (probably a direct
gap). These structures become less well defined as the
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spectral weight in this energy range increases with 7, but
are in agreement with previous measurements.’” Our
measurements are not sufficiently detailed to confirm the
possibility of heavy-mass Fermi-surface pockets above
the chemical potential which have been assumed previ-
ously,® though the band results are consistent with this
possibility.

In conclusion, we have emphasized the observation
that cooling this layered metal causes a spectral conden-
sation of significant magnitude—a result that is contrary
to the expectation for a simple metal that the plasma fre-
quency would be essentially constant and opposite to that
for a lightly doped semiconductor, which would show
carrier freeze-out. We show that this condensation arises
because of a shift from above-gap states to metallic states.
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FIG. 2. (a) Real part of the conductivity o for the same sam-
ple as in Fig. 1(a) as a function of E at three temperatures T
(dotted curve, 300 K; dashed curve, 100 K; solid curve, 10 K).
The arrow labeled E,; denotes a weak absorption edge at T'=10
K (probably the indirect energy gap), while the second arrow
identifies a strong feature E,, (probably the direct gap). The
shaded areas indicate the region near the gaps which loses spec-
tral weight and the zero-frequency mode into which the spectral
condensation occurs on cooling. (b) Real part of the dielectric
constant € with arrows indicating the zero crossings for three
values of T which confirm our values of wp,, and the values of
€y ~90 near the gap region. (c) Normalized carrier densities
n/ng calculated from the integrals over o (same notation for
the curves above). At E=100 meV, with decreasing T, the
large density increase in metallic states can be seen, as indicated
by the arrow, while at higher E the curves come back together,
indicating that the density shifts with cooling from above E, to
below.



