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We present transport and far-infrared magneto-optical measurements in narrow-band-gap n-type
Hg& Zn Te-CdTe superlattices. Hall and conductivity data obtained over a broad temperature range
(1.5—300 K) show that these superlattices are semimetallic at low temperature and are degenerate intrin-
sic semiconductors for T) 100 K, which constitutes an interesting situation in semiconductor-
superlattice physics. The analysis of the data gives the Fermi energy as well as the temperature-
dependent band gap, in good agreement with the calculated band structure, which predicts a semimetal-
semiconductor transition induced by temperature in these heterostructures. We have measured the elec-
tron cyclotron resonances as a function of temperature with the magnetic field 8 applied parallel and
perpendicular to the growth axis. The observed magneto-optical intraband transitions are in very satis-
factory agreement with the calculated Landau levels and the Fermi energy. We show that the
semimetal-semiconductor transition is characterized by an important reduction of the cyclotron mass
measured with 8 perpendicular to the superlattice growth axis. The large variation of the conduction-
band anisotropy calculated near the transition accounts for this effect.

I. INTRODUCTION

Considerable progress has been made recently toward
the understanding of the complex electronic properties of
the so-called type-III superlattices (SL's). These hetero-
structures, which consist of alternating zero-band-gap
and wide-band gap semiconductor layers, can exhibit a
positive or a negative energy gap at the I point, ' depend-
ing on the layer thicknesses and on temperature. Exten-
sive transport and magneto-optical investigations were
reported in Hg Te-CdTe and Hg i,Zn„Te-CdTe superlat-
tices. For instance, the zero-temperature band gap
has been measured from the temperature dependence of
the intrinsic carrier concentration in p-type HgTe-CdTe
superlattices. The conduction-band dispersion (in partic-
ular the band anisotropy) was determined from cyclotron
resonance experiments in n-type Hg, Zn Te-CdTe
SL's, and interband and intraband magneto-optical tran-
sitions occurring in the infrared energy range have been
observed and interpreted in Hg Te-CdTe SL's. The
band-structure calculations using a large valence-band
offset (300—400 meV) between HgTe and CdTe account
for most of these data, in particular for the extremely
high electron and hole mobilities observed in the
narrow-band-gap SL's.

We report here transport and far-infrared magneto-
optical measurements performed over a broad tempera-
ture range (1.5 —300 K) in three high-quality
Hg& Zn Te-CdTe SL's with x & 0. 1. These type-III
heterostructures were grown by molecular-beam epitaxy
at the University of Illinois at Chicago and are n type
with high electron mobilities. Hall and conductivity data

obtained as a function of the temperature show that these
SL's are degenerate intrinsic semiconductors over a
broad temperature range. This constitutes an interesting
situation as compared to the transport measurements
previously reported in p-type HgTe-CdTe SL's, where
the valence band was nondegenerate in the intrinsic re-
gime. From the theoretical analysis of these data, the
Fermi energy as well as the I point gap are obtained as a
function of temperature. The SL band-structure calcula-
tions, using the envelope function model and a valence-
band offset of 360 meV between Hg, Zn Te (x &0. 1)
and CdTe, account qualitatively and quantitatively for
the observed data. We also report far-infrared magneto-
transmission measurements performed on the same SL's
in the temperature range 1.5 —300 K, with the magnetic
field parallel and perpendicular to the growth axis. Intra-
band and interband transitions are observed in the far-
infrared photon energy range in these very-narrow-band-
gap SL's. Considering the Fermi energy deduced from
the transport measurements, the data are found to agree
quite satisfactorily with Landau-level calculations. When
the magnetic field is applied perpendicularly to the
growth axis, a significant drop is observed in the curve
giving the cyclotron mass as a function of the tempera-
ture. This drop is associated with the important varia-
tion of the conduction-band anisotropy occurring when
the SL undergoes a semimetal-semiconductor transition,
i.e., when the gap at the I point undergoes a sign rever-
sal. The variation of the cyclotron mass and the tempera-
ture of the semimetal-semiconductor transition are found
to be in good agreement with the band-structure calcula-
tions.
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II. BAND STRUCTURE AND FERMI LEVEL 500

A. Description of the samples

We have studied three SL's grown on (100) GaAs sub-
strate with a 2-pm CdTe buffer layer and consisting of
100 periods of Hg& Zn„Te-CdTe. The CdTe layers
contain approximately 15% HgTe (Ref. 10) since the en-
tire superlattice is grown with the Hg source shutter open
in the molecular-beam epitaxy system. For each sample,
the layer thicknesses, the alloy Zn composition x as well
as the electron mobility and concentration at 2S K are
listed in Table I. The SL's are n type in the temperature
range investigated in this work (1.5 —300 K) with electron
mobilities in excess of 2X10 cm /Vs at low tempera-
ture. Such high carrier mobilities are usually measured
in type-III SL s with a small positive or negative gap at
the I point. ' Previous magneto-optical experiments re-
ported in similar heterostructures at 1.S K have shown
that they are semimetallic (i.e., the energy gap at the I
point is negative) at this temperature, and that the
valence-band offset between CdTe and low-Zn-content
Hg, Zn Te alloys is large (300—400 meV).
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B. Band-structure calculations

We have calculated the SL band structure by using the
six-band envelope function model, taking into account
the I 6 and I 8 band edges, which has been described in
detail elsewhere. " The band parameters of CdTe are tak-
en in Refs. 11 and 12. For Hg& „Zn„Te alloys, the tem-
perature variation of the 1"6-I 8 energy separation is given
(in meV) by

E ' '(x, T)= —303+2525x+ ' T (1 —2x) .i6 "8 0.63
11+T

l 6-I"~
In Eq. (1), we have assumed' E ' '=0 for x =0.12 at

I 6-I 8T=0 K. The temperature dependence of E ' ' is
chosen identical to that established in HgCdTe alloys
close to Hg Te. ' This seems to be justified for
Hg& „Zn Te alloys with low Zn content. Figure 1 shows
calculated dispersion relations for S& in the plane of the
layers (k» ) and along the growth axis (A:, ) for T= 120 K
[Fig. 1(a)] and T=1.5 K [Fig. 1(b)]. The energy origin is
taken at the CdTe valence-band edge and the valence-
band off'set is 360 meV. El (HH1) denotes the first elec-
tron (heavy-hole) band considering the dispersion along
k, . For T=120 K, E1 is the conduction band, HH1 is
the highest valence band, and the I -point energy gap
e '=EE, —EHH, is positive (31 meV). The in-plane elec-
tron and hole masses near k =0 are very small

FIG. 1. Calculated band structure of S& using A=360 meV
in the plane of the layers (k„) and along the growth axis (k, ) for
(a) T=120 K and (b) T=1.5 K. d =dl+d2 is the superlattice
pen od.

SI S)
( (10 mo) and nearly proportional to s ' as far as E

' is
small. ' E1 is light along k„so that the conduction band
is nearly isotropic around k =0 and its density of states is
weak. On the contrary HH1 is almost dispersionless
along k, and is extremely nonparabolic in the plane of
the layers. As a consequence, when the temperature in-
creases and the hole and electron thermal distribution
spreads over a few meV into the HH1 and E1 bands, it is
clear that the average HH1 density of states is much
larger than that for E1. This particular feature is ob-
served in all the narrow-band-gap type-III SL's where the
HH1 mass along k is found to increase dramatically
with increasing k„. This explains, for instance, why the
hole mobility decreases strongly when the temperature is
raised in p-type superlattices, while a similar mobility
drop is not observed for electrons.

SIWhen the temperature is decreased, c is reduced un-
til E1 and HH1 meet for T=30 K and then cross in the

k, direction for k, =k„1eading to c negative. For in-
stance, Fig. 1(b) shows the calculated band structure for

TABLE I. Characteristics of the Hg, „Zn„Te-CdTe superlattices used in this work. d& and dz are
the Hg& „Zn„Te and the CdTe layer thicknesses, respectively, x is the Zn composition; n and p are
measured at 25 K.

Sample

Si
S2
S3

d, (A)

105
80

160

d, (A)

20
12
20

0.053
0.053
0.070

p (crn /Vs)

2.1x10'
2.1x10'
2.4x10'

n (cm )

3.7 X 10'
2.6x10"
2.4 X 10'
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S)T= 1.5 K. E
' is negative ( —6.5 meV) and HH1 displays

an electron in-plane dispersion while El has a hole in-
plane dispersion. There is, in fact, a very small anticross-
ing between HH1 and E1 at k, resulting from k linear
terms that we do not take into account in our model. In
our analysis, we have neglected the vanishing energy gap
which opens up at k„so that the band structure of Fig.
1(b) is considered as "semimetallic. " The conduction
band in the semimetallic regime is dispersionless for
0&k, &k, and is therefore strongly anisotropic, the in-

plane mass being light as a result of the small HH1-E1
separation. The valence band is again extremely nonpar-
abolic. Finally from band structures calculated using ex-

pression (1), E
' is found to vary linearly for T) 50 K

with a positive temperature coefficient a=0.35 meV/K.
A somewhat nonlinear and lower variation is obtained at
low temperatures. Quite similar results are obtained for

S2 and S3 where c and c are negative at 1.5 KS2 S3

S2 S~(e '= —15.5 meV, E '= —13.5 meV) and become posi-
tive for T) 50 K.
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C. Determination of the Fermi energy and SL band gap

Low magnetic-field (8 (1 T) transport measurements
(Hall eff'ect and conductivity) give the carrier density n
and the electron mobility as a function of the tempera-
ture in the range 10—300 K. The density n is found to be
nearly independent of T at low temperature, from which
the donor concentration may be obtained. This leads to
ND —Nz =3X10' cm in S1, ND —N„=2X10' cm
in S2 and S3. Figure 2(a) shows the carrier density n nor-
malized by T as a function of the inverse temperature
for S& and S3. It is clear that the condition
n &)ND —Nz is fulfilled for T & 100 K so that the SL's
are intrinsic over a broad temperature range (100—300 K)
as it can be expected in very-narrow-band-gap semicon-
ductors with a low doping level. It is well known that in
the intrinsic regime the temperature dependence n(T)
can be used to determine the zero-temperature extrapola-
tion of the SL gap. Such measurements were reported
successfully in p-type Hg Te-CdTe SL's assuming parabol-
ic bands and have given results in satisfactory agreement
with the gaps determined from magneto-optical and opti-
cal measurements when the comparison was possible.
Here the determination of the band gap from the intrinsic
carrier density is a little more intricate because our SL's
are degenerate intrinsic semiconductors in the tempera-
ture range 100—300 K and the usual law of mass action
used in Refs. 5 and 6 does not apply to our case. Indeed,
it is clear in Fig. 2(a) that the variation nT ~ plotted on
a logarithmic scale versus T ' is not a straight line in the
entire intrinsic regime as expected for a nondegenerate
semiconductor, but only in the restricted range 200—300
K. From the cyclotron mass measurements as a function
of the temperature described in Sec. III, the in-plane
dispersion as well as the k, dispersion of the conduction
band are known and, as a consequence, the conduction-
band density of states is known too. A first-order estima-
tion of the Fermi energy EF measured from the bottom of
the conduction band is given for each temperature by the

I I

100 200
T (K)

300

FIG. 2. (a) Experimental carrier density normalized by T
vs inverse temperature for S~ and S3. The solid lines shows the
linear variation between 200 and 300 K as explained in the text.
(b) Fermi energy Ez vs temperature for samples S&, S2, and S3
(open dots). Solid lines are only guides for the eye.

expression'

n(T)=2 m
kT

2~%

3/2

9', )2(E~/kT) . (2)

n(T)=p(T)=2 m,
kT

2~%

r

exp

(3)

where the valence band is assumed to remain nondegen-
erate. Quite similar high ratios m„ /m, are ob-
tained in S2 and S3. Considering that m,

Here V, &2(X ) is the Fermi-Dirac integral and the
density-of-states conduction mass is taken to be
m, =m m,', where the in-plane mass m and the
mass m, along k, are obtained from the cyclotron reso-
nance data. The variation E~(T) obtained from this
analysis is shown in Fig. 2(b) for S„S2, and S3. Note
that EF is positive in the entire temperature range, which
corresponds to a degenerate situation, and that it is near-
ly constant between 200 and 300 K. The degenerate in-
trinsic regime arises from the extremely high density of
states of the valence band previously discussed. If one as-
sumes an average density-of-states mass m, for the
valence band, a ratio m, /m, =30 is obtained for Si
in the temperature range 100—300 K by using the expres-
sion
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=2X 10 mo in S, for T=200 K, one deduces
(I, m, )'~ =O. limo, in very good agreement with
the average value O. 12mo reported by Hoffman et al. in
nondegenerate p-type Hg Te-CdTe SL's in the intrinsic re-
gime. This agreement is not surprising because all the
narrow-band-gap type-III SL's have very similar band
structures and therefore display similar electronic proper-
ties.

Assuming a linear temperature variation of the gap
s ' =so'+aT, expression (3) can be written in the intrin-
sic regime:

n(T) =2;mDoskT
2~%

3/2

exp

S4(E~+—Eo

kT

(4)

The Fermi energy level being constant between 200 and
300 K [E„=20meV; see Fig. 2(b)], a linear variation of
1n(nT ) with reciprocal temperature is expected in
this temperature region. The slope of the solid line

drawn for 5& in Fig. 2(a) gives directly EF+Eo' =9 meV

and therefore co = —11 meV. A similar analysis done in

S2 and S3 gives the zero-temperature extrapolation of the

gap co = —10 meV and co = —8 meV. These results areS2 S3

in satisfactory agreement with the semimetallic band
structure calculated at low temperature using a valence-
band onset of 360 meV [see Fig. 1(b)].

Note that it is possible to obtain a more or less accu-
rate determination of the temperature coe%cient o. from
the variation EF(T) shown in Fig. 2(b) and the cyclotron
mass m, =m measured at high temperatures. In first
approximation, the conduction mass at the energy EF in
a narrow-band-gap semiconductor is given by'

III. MAGNKTOTRANSMISSION MKASURKMENTS

%'e now discuss the far-infrared magnetotransmission
experiments performed on samples S&, S2, and S3 using a
molecular gas laser (A, =41—255 pm) in the temperature
range 1.5 —300 K. The transmission signal was measured
at fixed infrared photon energy, while the magnetic field
B could be varied up to 12 T.' The measurements were
carried out in both the Faraday geometry (with 8 parallel
to the growth axis z) and the Voigt geometry (with 8 per-
pendicular to the z axis), the propagation wave vector of
the incident electromagnetic wave being always parallel
to the SL growth axis. Note that in the Faraday
geometry, the radiation was not circularly polarized, so
that both o. and o polarizations were present.

Typical transmission spectra obtained on S, at
A, = 118 pm are shown in Fig. 3 for several temperatures
in the Faraday geometry (0=0') and in the Voigt
geometry (8=90'), where 8 is the angle between the SL
axis and the applied magnetic field. For 0=0, two well-
developed resonance minima appear at low temperature
for small magnetic field (B ( 1 T) and shift towards
higher B when the temperature is raised. The lower field
minimum vanishes progressively and for T) 60 K, only
the higher field minimum is still observed. Experiments
performed in the photon energy range 5 —30 meV show
that these two minima correspond to magneto-optical
transitions whose energy extrapolates to zero at B =0.
They are therefore attributed to intraband transitions be-
tween conduction Landau levels, taking into account the
n-type nature of the SL and the position of the Fermi lev-
el. For the highest photon energies used in these experi-
ments (E ) 20 meV), additional transmission minima are
observed which correspond to interband transitions
occurring in this narrow band-gap SL. At 0=90', two

I I I I I
'

I I I I

m =m 1+
4

(5)
8 =90'

S
where the mass m at k„=0 is proportional to E '. As-
suming that the cyclotro~ mass is measured at the Fermi
energy, one obtains in S&, m = 10 m 0 and
m =1.8X10 mo at 100 and 200 K, respectively [see
Fig. 4(a)]. From expression (5), one deduces immediately
E '(200 K)+E (200 K)=1.8 [E '(100 K)+E (100 K)],
which leads to +=0.35 meV/K, in good agreement with
the calculated band-gap variation for T) 50 K using ex-
pression (1) for the I 6-I s separation in Hg& „Zn Te al-
loys.

Infrared transmission experiments were carried out in
Si S2 and S3 between 400 and 2000 cm ' at 300 K in
order to determine the SL band gap. An absorption edge
is measured in S, for photon energy around 120 meV, in

Sl
good agreement with the calculated value c +EF=115
meV for 300 K, which corresponds approximately to the
fundamental absorption in a degenerate semiconductor.
A similar agreement is obtained in S2 and S3.

195K

30K

20K

4.2K

I I I I I i I I I 4 I

2 4 0 2 4

FIG. 3. Transmission spectra obtained on S, at A, = 118 pm
for several temperatures in the Faraday (0=0') and Voigt
(0=90') geometries.
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resonance transmission minima are also observed in Fig.
3 for low temperatures, the higher field line vanishing
around 30 K. The low field transition is found to ex-
trapolate to E =0 at B=0 and is thus attributed to the
electron cyclotron resonance. The second line corre-
sponds to a transition with a negative energy extrapola-
tion at B=O and could be associated to an interband
transition in this negative band-gap SL for T & 30 K. It
is clear on Fig. 3 that for 0=90, the first minimum shifts
towards low B when T is raised up to 60 K and then
moves towards high B for a further temperature increase.
As it will be discussed later, this behavior corresponds to
the semimetal-semiconductor transition occurring
around 30 K in SI. Moreover, the resonance magnetic
field of the first minimum shows a large variation between
6=0' and 90' at T=4.2 K (see Fig. 3). This effect, dis-
cussed in a previous paper, corresponds to the large an-
isotropy of the conduction band and demonstrates the
semimetallic band structure of S, at low temperature.
Quite similar results were obtained in samples S2 and S3,
which are also semimetallic at low T. A "cyclotron
mass" m, is deduced for each intraband transition from
the data by using the simple relation m, =eB /co, where co

is the laser pulsation and B the resonance field. The cy-
clotron masses measured in SI at A, =118pm are plotted
(dots) in Fig. 4 as a function of the temperature in the
range 1.5 —200 K for 8=0 [Fig. 4(a)] and 6)=90' [Fig.
4(b)]. Similar results obtained in S2 are shown in Fig. 5.

In order to interpret the data at 0=0, the SL Landau-

(a) e=0'

0.5
E

CJ
E

C3

1 2

e =90'

1 ~ oo
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Og

~ ~ ~ ~ Q~P 0

Q5
0 50

I

100
T (K)

l

150 200

FIG. 5. Cyclotron masses corresponding to the different
transmission minima observed in S2 at k = 118 pm in the (a)
Faraday and (b) Voigt geometries (strong transmission minima,
solid dots; weak minima, open dots). The solid lines are the
theoretical masses calculated from the Landau-level energies at
0=0.

level energies are calculated at k, =0 as a function of the
temperature by using the six-band envelope function
model"' and A=360 meV. Calculations are formally
the same as those done at B=0 with the I 6-I 8 energy in

Hg, ,Zn, Te given by expression (1). Figure 6 illustrates
the calculated Landau levels of S, at T= l. 5 K [Fig. 6(b)]
and 150 K [Fig. 6(a)]. The selection rules for intraband
and interband transitions in the Faraday geometry are
hn =+1, where n is the Landau-level index. The transi-
tions actually observed in the SL's depend on the
Landau-level occupation and, for this reason, the Fermi-
level energy deduced from the transport measurements at
vanishing magnetic field is indicated by the dashed line in
Fig. 6. We have neglected the oscillations of EF as a
function of the magnetic field. The thermal broadening
of width kT on both sides of EF is shown by the shaded

E

E
I

C3

~ ~ ~
1.5—

400

T= 1.5K 2'

450

I=150K
(a) 3/

0.5
0

I

50 100
T (K)

I

150 200

FIG. 4. Cyclotron masses corresponding to the different
transmission minima observed in S& at A, = 118 pm in the (a)
Faraday and (b) Voigt geometries (dots). The solid lines are the
theoretical masses calculated from the Landau-level energies at
0=0' and from the band structure at 0=90 as described in the
text.

CF
HHl
350

E1

1 2
B (&)

eF..

400
E1

2 3
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FIG. 6. Calculated Landau-level energies at k, =0 in SI us-
ing A=360 meV in the (a) semiconducting and (b) semimetallic
configuration. The dashed line is the Fermi level and the shad-
ed area represents the thermal broadening kT on both sides of
E .
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region. We have also calculated the Landau-level ener-
gies as a function of k, for given magnetic fields. The
width of the conduction Landau levels along k, is found
to be large ( )40 meV), except for n = —1, which is fiat.
This arises from the very thin CdTe barriers in these
SL's. As a consequence, the transitions observed at
A, =118 pm can only occur at k, =0 and not at the
Brillouin-zone boundary. Indeed, at k. =~/d, the con-
duction Landau levels n&1 are unoccupied and the ener-

gy of the transition —1~0 is too large. The solid lines in
Figs. 4(a) and 5(a) are the calculated cyclotron masses de-
duced from the theoretical energy of the intraband transi-
tions. In these calculations, we have taken into account,
for each temperature, the initial and final Landau-level
occupations, except for the 0~1' transition at low tem-
perature, and in Figs. 4(a) and 5(a), the solid lines are lim-
ited to the temperature domain where the corresponding
transitions can occur. At low temperature, the two reso-
nances correspond to the —1~0 and 0—+1' transitions,
which are the two first intraband transitions available in
the semimetallic configuration [Fig. 6(b)]. The observa-
tion of the 0~1' transition is rather puzzling, the Lan-
dau level n =0 being unoccupied for B)0.4 T [Fig.
6(b)]. It is tentatively explained by the existence of an
electron accumulation layer at the interface between the
SL and the CdTe buffer layer. Such an electron accumu-
lation would result from charge transfer from CdTe to-
wards the SL and was previously observed in [100]-
oriented HgCdTe-CdTe heterojunctions, ' in [100]
Hg& Zn Te-CdTe SL's and in [211] HgTe-CdTe
SL's. ' As a consequence, the Fermi level would lie
deeper into the conduction band near this interface where
a higher cyclotron resonance (for instance 0~1') can
occur. The electron density of this accumulation layer
was found to be approximately equal to 10" cm in
HgCdTe-CdTe heterojunctions' grown in similar condi-
tions to our SL's., Such a density accounts for the magne-
totransmission spectra at low temperature in S&. Note
that an electron accumulation could also exist at the
front SL surface and give similar results. In the inter-
mediate temperature range 30—60 K for Si and 50—90 K
for Sz, the SL's are semiconducting and the lower field
transition are attributed [Figs. 4(a) and 5(a)] to either
1 —+2 or 1~0, transitions which are both allowed in the
Faraday geometry. Considering the variation Ez-( T)
given in Fig. 2(b) and the thermal broadening kT, the
final levels 0 and 2 are more and more occupied when the
temperature is raised in this intermediate range. The as-
sociated transmission minimum becomes weaker and
weaker as T is increased (see Fig. 3) and finally vanishes
when Ez(T) is far above the n =2 level at the resonant
magnetic field (for T) 60 K in S& and T )90 K for S2).
In this intermediate-temperature regime, the higher field
transition corresponds to 0~1 . This is consistent with
E„ lying between 0 and 1' around B =1 T. Finally in the
high-temperature domain (T ) 100 K), the thermal ener-

gy kT becomes comparable to or larger than the photon
energy and a single transmission minimum is observed
(Fig. 3) which corresponds to the mixing of different in-
traband transitions. As it is shown in Figs. 4(a) and 5(a),

the main transitions observed as T is increased are suc-
cessively 0~1', 2~3, and 1'~2'. For instance, it is
clear on Fig. 6(a) that at T= 150 K, n = 1' is fully occu-
pied at the resonant field B=1.2 T, i.e., its energy lies in
the shaded area. The observed transitions at T=150 K
are therefore I'~2' and 2~3, as shown in Fig. 4(a). The
overall agreement between the magneto-optical data and
the calculations is quite satisfying in the entire tempera-
ture region investigated in these experiments and sup-
ports the calculated Landau levels and band structures
using A =360 me V, with a semimetal-semiconductor
transition occurring at 30 K in S, and 50 K in S2.

In the Voigt configuration (0=90'), the most striking
feature observed in the dependence m, (T) on Figs. 4(b)
and 5(b) is the drop of approximately 25% appearing
around 30 K in S, and 40 K in Sz. The cyclotron reso-
nance field is 8 =1 T at A, = 1 18 pm (Fig. 3) and the cy-
clotron orbit radius is then larger or comparable to the
SL period. The electrons are therefore forced to tunnel
through the interfaces for 0=90' and the cyclotron mass
depends on conduction dispersion relations along both k
and k, . As the in-plane dispersion shows no dramatic
temperature dependence, the important m, drops must
correspond to a significant reduction of the conduction
mass m, along k, when the temperature varies from 1.5
to 40 K. These observations are in very good agreement
with the calculated band structures with A=360 meV
(Fig. 1), which show a large variation of the conduction-
band anisotropy when the SL undergoes a semimetal-
semiconductor transition. Indeed, when the temperature
is raised from 1.5 K, the crossing point between E1 and
HH1 at k, =k, moves towards k, =0 and the conduction
band becomes lighter and lighter a/ong k, . The calculat-
ed temperatures of the semimetal-semiconductor transi-
tion (k, =0) are indicated by the arrows on Figs. 4(b) and
5(b) and are in satisfactory agreenient with observed data.
Furthermore, it is well known that cyclotron resonance
in the Voigt geometry does not usually occur at
co, =eB /m, but rather foll ws the behavior
co=(co~+co~ )'~, where co is the lasma frequency. We
have carefully investigated the cyclotron resonance in the
photon energy range 5 —30 meV. A zero-energy extrapo-
lation at B=0 for the cyclotron resonance is observed in
the temperature region 1.5 —60 K and no plasma shift is
observed, so that Ace & 5 meV in this temperature
domain. Even if an exact expression of co in a semime-
tallic or a extremely narrow-band-gap type-III SL is un-
known, the condition Ace & 5 meV seems to be consistent
for T & 60 K with the classical expression given ~, if one
takes into account the electron density, the SL dielectric
constant approximately equal to 20, and the calculated
masses m and m, . Moreover, we have checked that the
temperature at which the drop occurs in the variation
m, (T) does not depend on the photon energy, as this
would be observed in the case of a plasma shifted cyclo-
tron resonance. We are therefore sure that the reduction
of m, observed in Figs. 4(b) and 5(b) is not due to a plas-
ma effect. For T ) 50 K, a monotonic increase of m, (T)
is observed at 0=90, which corresponds essentially to
the opening of the SL band gap when the temperature is
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raised, and, as a consequence, to the increase of the in-
plane mass. We have not calculated the Landau level en-
ergies at 0=90 and in order to interpret the dependence
m, (T) in the semiconducting configuration ( T) 50 K),
we have used the following approximate dispersion rela-
tion for the conduction band which takes into account
the band nonparabolicity:

QE A (k„+k )E(k) = [1—cos(k, d ) j+ s . (6)
2 2mo(1+E/E )

Here BEE, is the width of the conduction band along k,
which is 45, 110, and 3S meV for Si, Sz, and S3, respec-
tively, at T=120 K; c. is the SL band gap determined in
Sec. II; and the origin E =0 is taken at the bottom of the
conduction band. In a semiclassical approach, the cyclo-
tron mass is simply given by

dA
rn, =

2' dE E =EF
E

where A is the extremal area of the section perpendicular
to 8 of the constant energy surface E =EF. The solid
line in Fig. 4(b) shows the variation m, (T) obtained for
S, in the semiconducting regime from this simple model.
In these calculations, we have used the dependence
EF(T) given in Fig. 2(b). The agreement with the experi-
mental data is satisfying, if one takes into account the
crude approximation made in this model. For a more de-
tailed analysis of these results, calculations of the Landau
levels at 0=90 would be necessary. Note in Fig. 5 that
for high temperatures the S2 cyclotron mass at 0=90 is
lighter than at 0=0'. As far as we know, this constitutes
the first observation of a conduction mass-anisotropy ra-
tio m, /m„ less than unity in a SL and arises from the ex-
tremely thin CdTe barriers (12 A) in S~.

IV. CONCLUSION

We have discussed transport and far-infrared magneto-
transmission measurements performed in three n-type
Hgi „Zn„Te-CdTe SL's over a broad temperature range.
The temperature-dependent electron concentration to-

gether with the conduction-band density of states de-
duced from cyclotron resonance data show unambiguous-
ly that these SL's are degenerate in the entire tempera-
ture region and are degenerate intrinsic semiconductors
for T) 100 K, which constitutes an interesting situation
in semiconductor superlattice physics. The analysis of
the data gives the Fermi energy, the negative band gap of
the SL's at T=O as well as the temperature coefticient of
the band gap. Band structures calculated using a
valence-band offset A =360 meV between CdTe and
Hg, Zn„Te (x (0.1) account perfectly for these data
and show the existence of a semimetal-semiconductor
transition which is induced by temperature. We have
measured the cyclotron mass as a function of tempera-
ture with the magnetic field B applied both parallel and
perpendicular to the SL growth axis. A strong mass an-
isotropy is observe/ in the semimetallic regime, while a
rather low mass anisotropy (which can be less than unity)
is measured in the semiconducting domain, as expected
from the band-structure calculations. We have shown
that the semimetal-semiconductor transition is character-
ized by an important reduction of the cyclotron mass
measured when 8 is perpendicular to the SL growth axis,
again in good agreement with the theoretical dispersion
relations. The observed magneto-optical intraband tran-
sitions are in very satisfying agreement with the calculat-
ed Landau levels and the Fermi energy. Finally, we have
shown that the temperature-dependent band structure of
these type-III Hg-based SL's presents unique features
quite different from those of III-V heterostructures.
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