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Temperature Dependence of the Qptical Absorption Edge of p-Type SnTe
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The optical-absorption coefficient and index of refraction of SnTe were measured at 300, 77, and 12'K
over the photon energy range between 0.14 and 0.64 eV. The specimen was a single-crystal SnTe film with
a hole concentration of 3.6X10'9 cm '. The threshold of absorption by bound carriers at 12'K occurs at a
photon energy less than 0.38 eV. This suggests that the smallest direct gap is considerably less than the gap
of 0.30 eV which Ksaki and Stiles have deduced from tunneling measurements. In contrast to the tempera-
ture dependence of the tunneling gap, the temperature dependence of the absorption edge suggests that the
temperature coeKcients of the direct gaps that lie in the photon energy range investigated are positive.
However, these coefEcients decrease rapidly with decreasing photon energy, suggesting that direct gaps
between states sufficiently close to the band edge will have negative temperature coefficients. The electric-
susceptibility effective mass was also determined. Its variation from 0.066mo at 300'K to 0.057mo at 12'K
is consistent with the observation of direct gaps having positive temperature coefficients. We propose new
features for the band structure of SnTe which account for these results, as well as previously reported
results for the PbTe-SnTe alloy system.

L. INTRODUCTION

~ 'IN telluride (SnTe) is a semiconductor which
crystallin, ~ in the Nacl structure and always

contains a signiicant excess of tellurium. "Each extra
tellurium atom creates two holes in the valence band. '
Consequently, all samples of SnTe behave as heavily
doped degenerate p-type semiconductors. For instance,
Czochralski-grown material typically has a hole con-
centration of about 5)&10' cm '.

Despite the fact that SnTe has attracted a signi6cant
amount of attention within the last several years, few
details of its band structure are well established. Shub-
nikov —de Haas measurements4 ~ on bulk single crystals
have shown that the Fermi surface consists of compli-
cated (111)prolate surfaces for hole concentrations less
than about 2&(10' cm ', and that a second band be-
comes populated at higher concentrations. Three band
calculations for this material have been reported. Two'~
of these place the primary conduction- and valence-
band extrema at the I points of the Brillouin zone. The
third' indicates that the valence-band maxima are
slightly displaced from the I- points in the (111)direc-
tions. In addition, a band model at the L points has been
developed by 6tting a k p calculation' to experimental
data.

A number of measurements of the infrared optical
properties of SnTe have been made on samples having

' B.B.Houston, R. F. Bis, and E. Gubner, Bull. Am. Phys. Soc.
6, 436 {1961).' R. F. Brebrick, J. Phys. Chem. Solids 24, 27 (1963).' B.B.Houston, Bull. Am. Phys. Soc. 9, 60 {1964).' J. R. Burke, R. S. Allgaier, B. B. Houston, J. Babiskin, and
P. G. Siebenmann, Phys. Rev. Letters 14, 360 (1965).' J. R. Burke, B. B. Houston, H. T. Savage, J. Babiskin, and
P. G. Siebenmann, J. Phys. Soc. Japan 21, 384 (1966).' P. J. Lin, %. Saslow, and M. L. Cohen, Solid State Commun.
5, 893 (1967).' F. Herman, R. L Kortum, I. B. Ortenburger, and J. P. Van
Dyke, J. Phys. Radium C4, 62 (1968).' S. Rabii, Bull. Am. Phys. Soc. 13, 413 (1968).' R. Tsu, %. E. Howard, and L. Ksaki, Phys. Rev. 172, 779
(1968).

hole concentrations in the range 3.6X10'9 to about
1XI(P' cm ' (Refs. 10-14). The electric-susceptibility
eRective mass is surprisingly small for material having
this many carriers, and it decreases with decreasing hole
concentration. ' The absorption edge exhibits a large
Burstein shift ""and the corresponding absorption
threshold energies are on the order of a few tenths of an
electron volt. ""

Tunneling studies, '~' carried out on polycrystalline
alms having a hole concentration of about 5 X10' cm ',
have detected a thermal gap which varies from about
0.3 eV at 4.2'K to about 0.2 eV at 300'K. The contrast
between this negative temperature coefficient for SnTe,
and the positive coefficient of the forbidden gap of
PbTe, "combined with the results of optical absorption"
and laser emission studies' on PbTe-SnTe alloys, led
to the proposal' that there is a zero band gap at some
alloy composition. Studies of the temperature depen-
dence of the resistivity of these alloys are consistent
with this interpretation "

The main purpose of this investigation was to deter-
mine the temperature dependence of the direct optical
gap in SnTe, and to compare the results with the ther-
mal gap which Esaki and Stiles obtained from tunneling

' K. G. Bylander, J. R. Dixon, H. R. Riedl, and R. B.Schoolar,
Phys. Rev. 138, A864 (1965)."R. B. Schoolar and J. R. Dixon, J. Opt. Soc. 58, 119 (1968).~ H. Finkenrath and H. Kohler, Phys. Letters 23, 437 (1966)."H. Kohler and H. Finkenrath, Z. Angew. Phys. 23, 270 {1967).' H. R. Riedl, J, R. Dixon, and R. B.Schoolar, Phys. Rev. 162,
692 (1967).

'~ L. Esaki and P. J. Stiles, Phys. Rev. Letters 16, 1108 (1966).
'6 L. Esaki, J. Phys. Soc. Japan 21, 589 (1966)."P. J. Stiles, L. Ksaki, and W. K. Howard, Jr., in Proceedings

of the Tenth International Conference on Lou-Terlperature Physics
Moscmo, 1966, edited by M. P. Malkov (Proizvodstrenno-Izdatel'
skii Kombinat, VINITI, Moscow, 1967), Vol. III, p. 257.' D. L. Mitchell, K. D. Palik and J. N. Zemel, in Proceedings of
the International Conference on Semiconductor Physics, Paris, 1964
{Dunod Cie, Paris, 1964), p. 325.

's K. G. Bylander, Mater. Sci. Kng. 1, 190 (1966).
'6 J. O. Dimmock, I. Melngailis, and A. J. Strauss, Phys. Rev.

Letters 16, 1193 (1966).
& J. R. Dixon and R. F. Bis, Phys. Rev. 176, 942 {1968).
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measurements. The direct optical gap and the tunneling

gap may or may not be simply related. Defining this
relationship would be very helfpul in understanding the
band structure of SnTe.

In order to minimize the difference between the
opticai gap (by optical gap we will always mean direct
optical gap) and the smallest direct gap, we chose a
single-crystal film having the lowest concentration avail-
able (3.6X10" cm '). The absorption coeKcient and
index of refraction were measured at 300, 77, and 12'K
over the photon energy range between 0.14 and 0.64 eV.
In addition, the temperature dependence of the free
carrier electric-susceptibility eGective mass and the
optical dielectric constant were also obtained. The re-
sults led us to propose new features for the energy-
band structure of SnTe near the I. points of the Bril-
louin zone.

We did not consider the effects upon our data of a
possible phase change occurring in the temperature
range investigated. Such a phase change, based upon
thermal expansion measurements in single-crystal bulk
SnTe,"has been proposed. However, subsequent ther-
mal expansion, " as well as neutron diGraction' mea-
surements on material with the same chemical compo-
sition, and most likely the same hole concentration, have
failed to confirm this result. In addition, the film used
in the present studies was at all times attached to the
NaCl substrate upon which it was epitaxially grown. If
a phase change had occurred, or if one were prevented
from occurring by the substrate, it seems likely that the
film would have been noticeably damaged from the re-

suiting stresses. No such damage was observed after
repeated temperature cycling.

II. OPTICAL PROPERTIES

Measurements were made on a single-crystal film,
epitaxially deposited to a thickness of 1.2 p, on a Nacl
substrate. This film was heat treated by a method pre-
viously described" to lower the hole concentration to
3.6)&10" cm '. Transmittance data taken at 300 and
77'K are shown in Fig. i. Data were also taken. at 12'K,
but are not shown because they are almost identical
with those obtained at 77'K. The oscillations are the
result of interference phenomena in the film.

The complex dielectric constant ~™is given by

c=n' 0'+—i (2nk),

where n is the refractive index, and k is the extinction
coeKcient. Both n and k were determined from the
transmittance data in a manner similar to that pre-
viously described by Schoolar and Dixon. " The ab-
sorption coeKcient n is related to k and the wavelength
X by

The dependence of o, on photon energy is shown in Fig.
2. The room-temperature data are in good agreement
with those obtained by Schoolar and Dixon. " The
dashed line shows their results at energies higher than
those investigated here. The sharp rise on the high-en-
ergy side of the absorption minima, and the large values
of absorption coefficient, are characteristic of direct
transitions across an energy gap. The rise in absorption

FrG. 1. Transmittance
versus wavelength at 300
and 77'K. The oscillations
are the result of interference
phenomena in the ~I~. The
short-wavelength data are
also shown on an expanded
wavelength scale.
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on the low-energy side of the minima is due to free
carriers. Schoolar and Dixon" have shown that both the
magnitude and energy dependence of this absorption
at room temperature are in good agreement with values
calculated using classical free-carrier dispersion theory,
and values of the optical mobility and electric-suscepti-
bility mass determined from reQectivity measurements. "

Figure 3 shows the temperature dependence of the
dispersion of the refractive index. An interesting feature
of the 77 and 12 K data is the peak which occurs at
0.42 eV. A similar peak has been observed in PbS."
The PbS results erst con6rmed the calculations of
Stern, "which showed that such a peak should be pres-
ent in the spectral region where the absorption coefB-
cient increases rapidly because of the onset of bound-
carrier absorption. The observation of this peak in SnTe
at low temperatures, but not at room temperature, is

I'ro. 3. wavelength dependence of the index of refraction
at 300, 77, and 12'K.

"H. R. Riedl and R. B. Schoolar, Phys. Rev. 131,2082 {1963)."F.Stern, Phys. Rev. 133, A1653 (1964).
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probably due to the sharper absorption edge at low
temperatures.

III. ANALYSIS

A. Free-Carrier Absorption

In the spectral region governed by free carriers, the
complex dielectric constant ~ can be written

471-Pe' 1
i =n' k'+i (2nk)—= e„—— - —1 i , —(3a—)

VPl GO +'P Ã

where ~.„is the optical dielectric constant, p is the carrier
concentration, m„ is the free-carrier electric-suscepti-
bHity eRective mass, co is the angular photon frequency,
and & is the damping coefFicient. If n'))k' and (v'))y',
the real part of ~ becomes

n' = e —(Pe'/~c'm )X' (3b)

where X is the wavelength. Figure 4 is a plot of the real
part of ~ versus P' in a spectral region where the above
inequalities hold. Over the part of this wavelength re-
gion governed by free carriers, Eq. (3b) is valid, and
therefore a straight line results. Its slope can be used to
determine m„while the intercept, obtained by extrap-
olation to X=O, gives ~„. The valuesform, and ~„ob-
tained in this way at 300, 77, and 12'K are given in
Table I. The room-temperature values are in good
agreement with those obtained from reQectivity data. '4

0 10 20 30 40 50 60 70 80 90 100

&' {v')

FIG. 4. The square of the refractive index versus the wavelength
squared at 300 and 77'K. The slope and the intercept of the long-
wavelength data extrapolated to ) =0 determine n~., and e„,
~espectively.

/
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FIG. 5. imaginary part of the dielectric constant versus the
wavelength cubed. The absence of a linear region in the long-
wavelength free-carrier contribution shows that the data in this
region are not completely described by simple classical dispersion
theory.

7opt= I/&,

p„„=er„„((m, (4b)

Approximate values of the dc bulk mobilities are listed

The positive temperature coe%cient of m, is a persistent
feature of SnTe at all hole concentrations thus far in-
vestigated. Ke will discuss this point in more detail in
Sec. IV.

For the condition uP&)&', the imaginary part of Eq.
(3a) reduces to

2nk = (pe'y(27r2c'm, )PP (3c)

Figure 5 shows 2m& plotted against X'. The free-carrier
contribution is given by the data on the long-wavelength
side of the minima. These data do not exhibit the linear
dependence expected from Eq. (3c). Thus, they are not
completely described by the simple classical dispersion
theory on which this equation is based. One possible
explanation is that the assumption of an energy inde-
pendent y is not justihed. However, since values of y
computed from Eq. (3c) for wavelengths in this range
vary by less than a factor of 2, we will assume that they
are reasonable estimates. Table II shows the tempera-
ture dependence of p for X=8.27 p (&a=2.28X10'4sec ').
Also shown are the optical relaxation time 7 pt and the
optical mobility p,„„tdehned by

TABLE I. Temperature dependence of the susceptibility effective
nlass ~n, and the optical dielectric constant e . The uncertainty in
the absolute values of these numbers is about 10'&, but their rela-
tive uncertainty is only 2'P&.

TABLE II. Temperature dependence of the damping coefIIcient
p, the optical relaxation time T'opt and the optical mobility pop/
at X=8.27 i' (co = 2,28/10" sec '). dc bulk mobilities are given for
comparison.

Temperature
( K)

0.066
0.057
0.057

49
52
52

Temp
( K)

300
77
12

y
(10'4 sec ')

0.315
0.154
0.109

&opt
(10 14 sec)

3.17
6.50
9.17

+opt
(cm'/V sec)

840
2000
2800

@bulk
(cm'/V sec)

1200
3900
9000
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FIG. 6. Simple "mirror"
bands shown for two directions
in k space. E,pt is the optical
gap that is determined by a
measurement of the threshold
of the low-temperature bound-
carrier absorption.

for comparison. They were obtained by extrapolating
data from bulk samples which had hole concentrations
greater than 5)&10"cm~.

B. Bound-Carrier Absorption

Z. Optical Gap

The threshold for vertical transitions in a degenerate
semiconductor occurs at a photon energy which is larger
than the smallest direct gap. We will call this threshold
the optical gap (E„t).If E,~& is measured at low tem-
peratures, it can be defined more accurately because of
the sharp cutofI' of the Fermi-Dirac distribution func-
tion. For simple conduction and valence bands

E,pf,=Eg+xEP,

where E, is the energy separation between the conduc-
tion-band minimum and the valence-band maximum,
Fp is the Fermi level relative to the top of the valence
band in a p-type semiconductor, and x) 1.

A band model for which x=2 and the conduction and
valence bands are mirror images of one another, is
shown in Fig. 6. This model is a good approximation to
the bands at the L points in PbTe.

The smallest value of Eop& for a given set of values of
I'-, and Ep, occurs when x =1.This is an extreme case in
which a dispersion curve of the conduction band is Qat.

The bound-carrier absorption coefficients (nb, ) of our
SnTe film are shown in Fig. 7. They were deduced from
Eq. (2) and the bound-carrier contribution to 2nk. The
latter was obtained by subtracting out the free-carrier
contribution indicated by the dashed lines in Fig. 5.
The o.b, data do not extend to zero because, as Fig. 2
shows, some of the smaller absorption coeKcients were

not determined. However, the photon energy corre-
sponding to the lowest bound-carrier absorption ob-
tained is an upper limit to E,pt. At 12 and 77'K. this

upper limit is 0.38 eV, slightly larger than the tunneling

gap of 0.30~0.05 eV which Esaki and Stiles" attribute
to the thermal gap between the conduction and valence
bands. Since both gaps were perturbed by strain at low
temperatures due to the difI'erence in thermal expansion
coeKcients of SnTe and the substrate on which it is

deposited, we have tried to estimate the size and eBect
of these strains for each case.

Mitchell, Palik, and Zemel" found that lead-salt
films, epitaxially deposited on NaCl substrates, are in a
state of compression at low temperatures, and that the
energy gap (E,) in PbTe for example, is decreased by
about 0.02 eV because of the strain at 4.2'K. For our
SnTe film, we can expect an increase of about this
amount in the energy gap at the L point because the
thermal-expansion coeS.cient is the same in both ma-
terials ""but the calculated value of the deformation
potentiaP' is equal in magnitude, but opposite in sign,
to that of PbTe. ' This confirms the idea that the order-
ing of the bands which determines the gap in SnTe, is
opposite to that in PbTe.

The tunneling junctions studied by Esaki and Stiles
were deposited on fused quartz. "They neglected the
effect of strain in the interpretation of their results.
However, an estimate of the pure dilatational compo-
nent can be made. Since the thermal-expansion coeK-
cient of quartz is negligible compared to that of SnTe,
only the thermal-expansion data of SnTe are needed.
Using the data in Ref. 22, we calculate that the SnTe
films measured by Esaki and Stiles are under a tension
of about 1.2% at 4.2'K. (Since their films were poly-
crystalline, we will assume that the shear component of
the strain did not significantly affect their results. ) For
the deformation potential —2.9 eV calculated by
Rabii, "a tension of 1.2% will decrease the energy gap
at the L point by about 0.03 eV.

We therefore conclude that for unstrained material,

—4-
I

E"3-
82-

C$

y-SITe ~ = 300'K

Ii=3.0 x &0&0 ce

Optical Gap (Upper Limit) =0.36 eV,
Tunneling Gap =0.33~0.05 eV.

Let us now consider the implications of these values.
The band calculations for SnTe' s indicate that it is

a direct-gap semiconductor with the gap being at or
near the L points. Shubnikov —de Haas studies of the
Fermi surface of p-type SnTe 4 0 clearly show that the
valence-band extrema lie on lines in (111) directions.
Thus, it is reasonable to assume that the optical gap
is the energy required for transitions from the Fermi

s I I

0 0.$ 0.2 0.3 0.4 0.5 0.0 0.7
PIIQTQN KNQIY (0VJ

&&G. 7. Sound-carrier absorption coefficient of SnTe at 300, 77,»d 12'K. The data at photon energies greater than 0.44 eV (to
the right of the vertical line) are unmodified by the Fermi-Dirac
distribution function, and are therefore characteristic of the com-
bined densities of states in the valence and conduction bands.

~ Bland Houston, R. E. Strakna, and Henry S. Belson, J.Appl
Phys. 39, 3913 (1968).

~' S. Rabii (private communication).
~ Y. Sato, M. Fujimoto, and A. Kobayashi, J.Phys. Soc. Japan

19, 24 (1964). The deformation potential was computed from the
pressure coeKcient of the gap given by these authors and the com-
pressibility reported by J. R. Burke in Phys. Rev. 160, 636 (1967)."P. J. Stiles, L. Esaki, and %. E. Howard, Jr., I. B. M. Res.
Note NC 651 (unpublished).
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level across a direct gap near the I points. If we also
assume that, in the region investigated, the bands are
simple like those shown in Fig. 6, we can relate the
optical gap (E,~&) to the smallest direct gap (E,) and to
the Fermi level (Er) according to Eq. (5).The band cal-
culations suggest that a reasonable choice for x is 2
(mirror bands). ff we identify E, with the tunneling

gap, we 6nd that the upper limit for E~ is 0.04 eV. This
value is a factor of 4 smaller than the corresponding
value for PbTe," in spite of the fact that the electric-
susceptibility effective mass in PbTe~ is about twice
as large as that in SnTe. '4

Similar calculations, using values of E„~& deduced
from optical-absorption data obtained by Schoolar and
Dixon" at higher carrier concentrations, also result in
values of Ep that are surprisingly small.

At the carrier concentrations thus far investigated, it
would be easier to understand the values obtained for
the optical gaps if the smallest direct gap were con-
siderably less than the tunneling gap.

Z. Temperature Dependence of the Absorption Edge

Since the difference between the 77 and 12'K data
in Fig. 7 is probably within our experimental error, we
will not distinguish between the results at these two
temperatures. We will also neglect strain e6ects, be-
cause their consideration would not alter the conclusions
based on the results to be described here. Band calcu-
lations by I.in et a/. ', Herman et al. ,' and Rabii" indicate
that contributions to the absorption coefficient by direct
transitions from subsidiary valence bands should re-
quire photon energies greater than about 0.9 eV. We
will assume therefore, that all of our absorption data re-
sult from direct transitions between the principal val-
ence and conduction bands.

An upper limit for the photon energy that is required
to produce transitions from the Fermi level can be ob-
tained by adding an energy of 2kT to the photon energy
at which we obtain our smallest, but still relatively
large, bound-carrier absorption coeKcient. Thus, the
energy interval 4kT shown in Fig. 7 corresponds to the
photon energy range over which we might expect the
absorption coeKcient at 300'K to be modified by ther-
mal broadening around the Fermi level. The eGect of
thermal broadening on the absorption coeKcient at 77
or 12'K can be neglected, since it is barely observable on
this scale. Thus for photon energies greater than 0.44 eV,
the temperature dependence of the absorption edge is
a consequence of the temperature dependences of the
corresponding direct gaps.

This dependence shows that the temperature coefB-
cients of these gaps are posi6ve. This is a surprising re-
sult because the tunneling gap measured by Esaki and
Stiles" has a negative temperature coefficient. The signs
of two results are not necessarily inconsistent, however,
because we are investigating states considerably re-

"J.R. Dixon and H. R. Riedl, Phys. Rev. 138, A873 (1965).
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Fro. 8. Temperature coefBcients of the direct gaps that lie in the
photon energy range investigated. Values for ~/b, T vrere ob-
tained from the data in Fig. 7 by dividing the temperature diGer-
ence (300—77) 'K into the corresponding photon energy difference
at given absorption levels. The abscissa is the photon energy of
the absorption data at 300'K.

moved from the band edge. It is obvious from Fig. 7
that a nonuniform shift of the edge results from lowering
the temperature. We have used this shift to compute
temperature coefBcients for the direct gaps at each of
several photon energies. The results are plotted in Fig.
8 as a function of the photon energy of the data at
300 K. The temperature coeflicient hE/hT was eval-
uated by dividing the temperature difference (300-
77)'K into the corresponding photon energy difference
at a given absorption level. All of the data shown down
to the lowest bound-carrier absorption coefficients ob-
tained are plotted. For the reasons described above, the
points below about 0.44 eV are questionable. However,
it is interesting that these data, as well as the behavior
of the data at photon energies larger than 0.44 eV, sug-
gest that states suKciently near the band edge will have
a negative temperature coeflicient. The point at hE/
hT= —2)&10 eV/'K is the temperature coef5cient of
the tunneling gap reported by Esaki and Stiles. ' We
have placed this point at a photon energy of 0.2 eV, the
value of the tunneling gap at 300'K (Ref. 16).

The point at —3.6X10 eV/'K was obtained by
correcting their value for strain. The error bars shown
in Fig. 8 are those quoted for the tunneling gap at 4.2 I,
since no uncertainty was specified for the room-tempera-
ture gap.

IV. BAND STRUCTURE

Figure 9 presents E-versus-k curves passing through
the L points of the zone. Figure 9(a) describes the situa-
tion for PbTe. In this case, the I point is the lowest
point in the conduction band and the highest point in
the valence band, so that the 6gure is appropriate for
all directions in k space. The character of the states is
predominantly L,6 in the conduction band and 1-6+ in
the valence band. "~ Decreasing the temperature de-
creases the separation between the conduction and va-
lence bands at all points near I..

"J.B. Conklin, Jr., I.E. Johnson, and G. N. Pratt, Jr., Phys.
Rev. 137, A1282 (1965).

44 P. J. Lin and L. Kleinman, Phys. Rev. 142, 478 (1966).
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FIG. 9. Energy bands for Pb, Sn1 'I'e near the I. points of the
Brillouin zone. (a) Bands for PbTe (x=1). (b) Hypothetical semi-
metallic model for an a)loy. (c) Semimetallic model redrawn to
eliminate band crossing away from the I point. %e propose that a
model of this general nature is also applicable to SnTe (x=0).

Optical-transmission" and laser-emission-' studies
have shown that adding SnTe to PbTe also moves the
conduction and valence bands closer together in the
neighborhood of L. Dimmock et al." suggested that
when a suKcient fraction of PbTe has been replaced by
SnTe, the L6 and L6+ energy levels will cross. Then the
effect of lowering the temperature is to move the two
levels at L further apart, rather than closer together.

It might be postulated that the band crossing would
lead to a semimetallic model such as is sketched in Fig.
9(b). Again, the k vector may represent any direction
through L. But the symmetry of the v ave functions in-
volved does not allow the two bands to cross except at
the point L itself.

One possible way of redrawing the "uncrossed" bands
is shown in Fig. 9(c). We propose that a complexity of
this general nature is responsible for the observed be-
havior of SnTe. Rabii' originally proposed that the
valence band of SnTe had this form along the (111)
directions in k space on the basis of an augmented-plane-
wave (APW) band calculation which he carried out. A
more refined APV~ calculation supplemented by a k p
perturbation calculation centered on the L points, now
suggests that Fi«. 9(c) applies along any transverse k
vector lying on the (111) zone faces.2' If it does not
apply in the (111)directions, then toroidal Fermi sur-
faces would be generated at the Fermi level shown in
Fig. 9(c). At larger hole concentrations, Fermi surfaces
with multiple extremal cross sections would evolve.
These have been observed in Shubnikov —de Ha, as
studies. 4'

A new and very pertinent fea, ture of this model is the
nianner in which the energies of direct transitions change
with temperature. The transition labeled (1) in Fig.
9(c) would retain the positive temperature coeScient,
characteristic of PbTe, while that labeled (2) would
acquire a negative value.

In three dimensions, this band-crossing model might
be described as follows: Adding SnTe to PbTe, or lower-
ing the temperature, brings the conduction and valence
bands closer together until they finally touch at I,.

Beyond that point, we may define a "boundary surface"
(rot, in general, a constant-energy surface), which grows
in size as more SnTe is added or as the temperature is
lowered further. Inside of this surface, the temperature
coe%cient for the direct transitions is negative, while
outside it is still positive.

In general terms, we would say that for SnTe having
the carrier concentration investigated here, the Fermi
surface and the boundary surface described above are
comparable in size. It is easy to imagine that such a
model would cause constant-energy surfaces and direct
optical gaps to evolve in a complicated fashion as a func-
tion of carrier concentration and temperature.

In terms of this model, we would attribute our ob-
servance of the positive temperature coef5cients of the
direct gaps to the predominance of transitions of type
(1) over those of type (2) Lace Fig. 9(c)].The smaller
the energy of the transition, the nearer its k value ap-
proaches the boundary surface. Hence, this model also
explains why the magnitude of the temperature coefFi-
cient decreases with decreasing photon energy (see
Fig. 8).

Tunneling measurements can determine energy differ-
ences between empty states near band extrema. The
general nature of the model we have been discussing
makes it clear that the gap in SnTe measured by the
tunneling experiments could have a negative tempera-
ture coeKcient.

The positive temperature coefFicient of the electric-
susceptibility effective mass m, (Table I) is of course
linked to the temperature dependence of the direct gaps.
It constitutes further evidence that transitions of type
(1) predominate at the hole density of our fflm.

Some temperature dependence of m, can result from
thermal redistribution of carriers in a nonparabolic
model. However, detailed calculations" suggest that
this e6ect will usually be much smaller than that asso-
ciated with the changes in the direct gaps. In addition,
measurements of m, on samples with higher hole con-
centrations" reveal that the positive temperature co-
HBcient is present up to a hole density of 1.2X10"cm '.
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