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Far-infrared photoconductivity measurements on tellurium in strong magnetic fields
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(Received 10 April 1979)

Photoconductivity measurements in the energy range 1—20 meV and magnetic fields up to 14.6 T for

undoped tellurium single crystals and crystals doped with Bi, Sb, and As are described and analyzed.

DiA'erences in the chemical shift of the impurity ground state for diA'erent Group V impurities are clearly

resolved. Unidentified deeper impurities with excitation energies of about 3 and 5.6 meV are found as

residual acceptors in undoped crystals. Some impurity lines and the cyclotron-resonance transition are

strongly influenced by polaron contributions.

I. INTRODUCTION

From infrared magnetotransmission' ' and
Shubnikov-de Haas' "measurements on tellur-
ium, detailed knowledge about the valence-band
structure has been obtained. All the expt, rimental
results are consistent with a k- p perturbation
model, which leads to a camel-back structure of
the valence band at the H point of the Brillouin
zone.""Such a double maximum of the valence
band changes the energy spectrum of the accep-
tors in comparison with the levels of a hydrogen-
ic impurity; in particular, a splitting of the im-
purity ground state into a bonding and an antibond-
ing state is expected. " The binding energies of
these states are calculated to be about 1.2 and 0.9
meV. "" Without magnetic field the two valleys
at the points H and H' in the Brillouin zone of tel-
lurium do not cause a valley-orbit splitting of the
impurity levels, since the invariance of the Ham-
iltonian under the time-reversal operation (which
transforms the points H and H' into each other} is
not broken by the introduction of a Coulomb-type
impurity potential. However, in strong magnetic
fields this degeneracy is removed, and each of
the impurity states, especially the ground state,
should split into two levels. ' The absolute value
of this splitting is influenced by central-cell cor-
rections, since the valley-orbit splitting depends
on the impurity-envelope function close to the
impurity site. Therefore different energies for
the impurity levels are expected for As-, Sb-, and
Bi-acceptors in tellurium. Up to now, the valley-
orbit splitting and the chemical shift of the im-
purity levels have not been investigated in detail.

Experimentally, impurity lines have been ob-
served in different absorption measurements. "'
However, in magnetotransmission experiments
the impurity lines are mixed up with the intervalence
band or cyclotron-resonance transitions, and no
measurements are possible close to the reststrah-
len region, where the transmission becomes very

small. Moreover, without magnetic field the im-
purity absorption lines disappear" at carrier con-
centrations below 4 X10 m '.

In a previous paper we have shown that photo-
conductivity measurements are much more sensi-
tive than absorption measurements and that for
undoped samples (p& 5x 10"m '} at least three
different impurity lines in the energy range 1-7
meV can be resolved. " In the present paper, these
photoconductivity measurements are extended to
magnetic fields up to 14.6 T. Undoped samples
as well as crystals doped with Bi, Sb, and As im-
purities were investigated. Section II describes
the experimental arrangement, in Sec. IIIA the re-
sults for measurements on undoped samples are
presented, the corresponding data for different
doped samples are summarized in Sec. III B and
the results are discussed in Sec. IV.

II. EXPERIMENTAL METHOD

Samples with typical dimensions of 2X 2X 10 mm'
were cut from Czochralski-grown tellurium single
crystals. Four electrical contacts, two current
leads, and two potential leads were made by alloy-
ing thin gold wires to the specimens. At a tem-
perature of 2 K the resistance between the poten-
tial leads was typically 1000 0 for undoped samples
and 50 0 for samples doped with Bi, Sb, or As
with an acceptor concentration of about 2X10~
m '. The measurements were carried out with a
Beckman RIIC FS 720-Fourier spectrometer while
the sample was immersed in liquid helium within
the bore of a 14.6 T superconducting magnet. The
experimental arrangement is shown in Fig. 1. The
photoconductive signal, i.e. , the change in the
voltage drop across the potential leads under far-
infrared (FIR} illumination, was typically 1 p, V
for a constant sample current of 0.5 mA. The
spectra were not normalized relative to the in-
tensity of the infrared radiation, since only the
energy positions and not the absolute value of the
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FIG. 1. Experimental arrangement for photoconductivity
measurements with the Fourier spectrometer.

peaks in the photoresponse as a function of the
magnetic field were analyzed. For high-resolution
measurements, the Fourier spectrometer was
replaced by lasers emitting radiation at 311, 337,
and 496 p. m. In this case, the photosignal was
measured as a function of the magnetic field.

The photoresponse originates from optical tran-
sitions between discrete impurity states. In ad-
dition to the optical excitation, a thermal ioniza-
tion of the excited impurity states is necessary
in order to increase the free-carrier concentra-
tion and consequently the conductivity. " Measure-
ments on GaAs, Si, and Ge have shown that a
maximum in the photosignal is observed at sample
temperatures T corresponding to 0.05E~ & kT
& 0 1Ee (ER =. binding energy of the impurity). At
lower temperatures the thermal ionization rate
for carriers in the lowest excited impurity state
is reduced, "and at higher temperatures the signal
decreases due to the thermal ionization of the im-
purity ground state and the decreasing mobility
of the carriers. For impurity binding energies
of 1.2 meV, an optimal sample temperature of
about 0.7-1.4 K can be calculated. Consequently,
the experiments on doped samples were carried
out at T=1.4 K, the lowest temperature available
with our cryostat. For the measurements on im-
purities in telluirum with binding energies of about
5 meV, as found in undoped samples, "a tempera-
ture of 4.2 K has been chosen. At this tempera-
ture all the impurities with a binding energy of
about 1.2 meV are fully ionized and do not con-
tribute to the photosignal, which simplifies the
analysis of the spectra.

III. EXPERIMENTAL RESULTS

A. Undoped samples

Photoconductivity measurements on undoped
samples show that, in addition to the "hydrogen-
like*' impurities with an excitation energy of about

FIG. 2. Photoconductivity spectrum of an undoped
tellurium sample at a magnetic field of B=9.8 T. The
magnetic field orientation is parallel to the c axis. The
arrows mark the energy positions of the maxima in the
photoconductive response at B= 0 T ~

11 cm ', a, photoconductive response at about 24
and 46 crn is found. In strong magnetic fields,
with the magnetic field direction parallel to the
trigonal c axis, each of these peaks splits mainly
into two components. In the magnetic fields above
4 T, additional structures are visible. A typical
result is shown in Fig. 2. The arrows indicate
the energy positions of the peaks without magnetic
field. The negative signal at 74 cm ' agrees with
the energy h ru, for cyclotron resonance. Experi-
mentally, the photothermal ionization of majority
impurities always increases the conductivity,
whereas the sign of the cyclotron-resonance signal
varies for different semiconductors, depending
on the energy dependence of the mobility and the
energy-relaxation process of carriers excited to
higher Landau levels. ' The different sign of the
photoresponse for impurity and cyclotron-reson-
ance excitation in tellurium simplifies the inter-
pretation of the spectra. It should be noted that
an increase of the sample current by a factor of
10, corresponding to an electric field strength of
about 300 Vm ', changes the sign of the cyclotron-
resonance signal, whereas the impurity lines re-
main unchanged. A summary of the experimental
data is shown in Fig. 3. The dotted line charac-
terizes the magnetic field dependence of the nega-
tive photosignal. A peculiarity is visible in the
magnetic field region of 7-8 T. Coming from low-
magnetic-field values, the upper two impurity lines
disappear around B= 7 T but reappear at about
B= 8 T at much higher energies. The parallel shift
of the lines is about 20 cm '. A small splitting
of about 1.6 cm ' is observed for the lines in the
wave number region 30-60 cm in strong magne-
tic fields.

For the magnetic field orientation BLc, the ex-
perimental results for the same crystal as used
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from an analysis of the angular dependence of the
spectra for a doped sample (see Fig. 7}.

B. Doped samples
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FIG. 3. Magnetic field dependence of the energies of the
extrema in the photoconductive response for an undoped
sample (B()c). The dotted line characterizes the energy
of the negative signal in the photoresponse.
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for the measurements in the orientation B llc (Fig.
3) are summarized in Fig. 4. Contrary to the
measurements in the orientation B ll c, a photo-
signal originating from a cyclotron-resonance
(CR) transition was not visible. Only a small
reduction of the photosignal by less than 1+, was
observed at those magnetic field values where the
CR-absorption lines cross the impurity lines.
Measurements on another undoped crystal showed
additional lines compared to those shown in Fig.
4. One of these additional lines is shifted approxi-
mately parallel to the line (2) to higher energies
by about 10 cm ' (9.5 cm ' at B= 5 T and 11 cm '
at B= 14 T}. Another line appeared in the magne-
tic field range 5-14 T and is shifted by 20 cm '
to lower energies relative to the line (1) plotted
in Fig. 4. A systematic error in the energy posi-
tion of the impurity lines of about 2 cm ' at B= 14
T may result from an estimated misorientation
of the sample, of at most*5 . In the orientation
B ll c, the influence of a misorientation on the
energy position of the impurity lines is much
smaller than that for the B&c orientation as found

For the measurements on doped crystals,
samples with Group V impurities at a doping level
of about 2X10~ m 'were used. Within the re-
solution of 1 cm ' for our measurements with the
Fourier spectrometer, no differences in the spec-
tra are observed for the different crystals contain-
ing different impurities (Bi, Sb, As). The results
shown in Fig. 5 (B ll c) are obtained for six differ-
ent crystals. The dotted line is identical with the
dotted line shown in Fig. 3 and corresponds to the
cyclotron-resonance transition. Most of the im-
purity lines can be extrapolated to a common in-
tercept at 11 cm ' for B=O T; only the lines which
are nearly magnetic field independent extrapolate
to a lower energy value of about 9.5 cm '. For the
strong impurity lines, a relatively weak satellite
line shifted to higher energies is visible. At
B=14 T the energy difference between these two
lines is 7.5 cm '.

A summary of the experimental results for the
magnetic field direction B&c is shown in Fig. 6.
No significant difference is observed for measure-
ments on differently doped samples. As for un-
doped samples, the CR line is visible only as a
small decrease in the impurity signal, which is
explained by an attenuation of the infrared radia-
tion within the sample due to CR absorption. The
dotted lines correspond to CR transitions obtained
from absorption -measurements. ' The angular
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FIG. 4. Magnetic field de pendence of the energies of the
maxima in the photoconductive response for an undoped
sample (B&e).

FIG. 5. Magnetic field dependence of the energies of
the extrema in the photoconductive response for sam-
ples doped with Group-V impurities (B)) c, T = 1.4 K).
The dotted line corresponds to the cyclotron-resonance
line (negative photo signal).
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FIG. 6. Magnetic field dependence of the energies of
the maxima in the photoconductive response for doped
samples (B&c, T =1.4 K). The dotted lines charac-
terize the cyclotron resonance transitions from the
lowest Landau level to higher Landau levels obtained
from absorption measurements {Ref. 1).

dependence of the impurity lines (q& = angle between
the magnetic field direction and the c axis} plotted
in Fig. 7 shows that two impurity lines disappear
at about op= 65', and only one impurity line can be
traced from B& c to B II c.

All the experimental results presented so far do

not show significant differences in the eaergy
positions of the impurity lines for different Group
V acceptors. This means that the chemical shift
is relatively small. In order to resolve small
differences in the impurity excitation energies for
different acceptors, in addition to the Fourier
spectrometer experiments, the photoresponse was
measured at a constant laser excitation energy of
32.2 cm ' (311 pm), 29.7 cm ' (337 pm), and
20.2 cm ' (496 gm) as a function of the magnetic

field. The results for Bi-, Sb-, and As-doped
crystals and the orientation B I~ c are shown in

Fig. 8.
The magnetic field positions of the different

impurity lines are summarized in Table I. The
error in the magnetic field values is estimated to
be about +lg&, whereas the difference in the mag-
netic field values. of the split lines is accurate
within ~0.01 T. It seems that the impurity line at
Bo (337 pm) = 7.65 T and Bo (311 gm} = 8.68 T,
respectively, is not greatly affected by a chemical
shift (second and fourth columns of Table I), where-
as the energy position of the other line depends
strongly on the chemical nature of the impurity
(first and third columns of Table I). The energy
difference between the two lines is about 0.074 meV
(Bi), 0.046 meV (Sb}, and 0.024 meV (As) at
B= 8 T. From a linear extrapolation, the follow-
ing magnetic field dependence of the impurity
lines for Bi-doped samples is obtained:

E,(B)=11.1 cm '+2.43 cm 'xBjT,

E,(B) =11.07 cm '+2. 51 cm 'xB/T.

The energy E,(B), listed in the second and fourth
columns of Table I, is approximately identical for
Bi, Sb, and As impurities. Within experimental
accuracy the extrapolated value of 11.1 cm ' for
the excitation energy at B= 0 T is the same for
the two lines.

Photoconductivity measurements with an optically
pumped CH, F laser (p= 20. 2 cm '} on a bismuth

doped sample show structures at B=8.4 and 9.0
T. These peaks originate from an impurity transi-
tion which is different from that investigated with
the 311 and 337 p, m radiation. The calculated ener-
gy splitting of 0.08 meV at B=8.7 T for this double

peak (deduced from the slope of the corresponding
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FIG. 7. Angular dependence of the energies of the max-
ima in the photoconductive response at a constant mag-
netic field of B=6.6 T. The arrows mark the energy
positions of the cyclotron-resonance lines in the orien-
tations B()c and B&c.
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FIG. 8. Photoconductive response as a function of the
magnetic field (B f)c) for differently doped samples at
laser-excitation energies corresponding to 337 pm
O.eft side) and 311 pm {right aide). T = 1.4 K.
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TABLE I. Magnetic field values in T of the maxima
in the photoconductive response for differently doped
tellurium samples at two excitation energies corre-
sponding to 337 and 311 pm laser radiation (see Fig. 8).

337 pm 311 pIIl

Bi (1)
Bi (2)
Sb
As

7.41
7.43
7.52
7.68

7.64
7.65
7.66
7.75

8,41
8.42
8.53
8.68

8.67
8.68
8.68
8.75

impurity line in Fig. 5 and the observed magnetic
field values of the resonance at v = 20.2 cm ') is
identical with the splitting observed for a transition
to an impurity level at higher energy (see mea-
surements with the HCN laser). With the assump-
tion that all the impurity lines observed at low
temperatures are transitions from the ground
state to different excited states, the experimental
results indicate that the impurity ground state is
split into two states, and all the impurity transi-
tions shown in Fig. 5 are composed of two differ-
ent transition energies which are not resolved in
this figure. The absolute value of this fine-struc-
ture splitting depends on the chemical nature of
the impurity and increases approximately linearly
with the magnetic field. In the orientation B&c,
a fine-structure splitting of the impurity lines
could not be resolved.

IV. DISCUSSION

A. Magnetic field direction parallel to the e axis

The measurements on undoped single crystals
show that, in addition to Group V impurities,
other impurities are present with an excitation
energy of about 3.0 and 5.6 meV at B = 0 T (Fig.
3). At low magnetic fields, B ~~ c, a splitting of
each line into two components is observed. The
energy of one of these split lines is nearly mag-
netic field independent; the other one is shifted
approximately parallel to the cyclotron-reson-
ance line. The agreement of the energy differ-
ence between the two impurity lines with the cyclo-
tron energy h&u, is better than 10%. At magnetic
fields above B= 4 T a third line can be resolved
with an energy position between the split lines
discussed before. Such a splitting is typical for a
1s-2p transition of a hydrogenic impurity. In a
magnetic field the 2p state splits into three levels
2p, 2p„and 2p„corresponding to the magnetic
quantum numbers m = -1, 0, and +1. The energy
difference 2p, —2p is equal to Sco, for a parabolic
band.

The experimental results shown in Fig. 3 initiat-
ed calculations" of the energy differences between

the ground state and the first excited P states of a
singly ionized heliumlike impurity in tellurium for
the magnetic field orientation B ~~ c. Good agree-
ment with the measured triplet starting around 46
cm ' at B= 0 T was found in the calculations. "
For this interpretation, one has to assume that
singly ionized heliumlike impurities are present
at temperatures where the thermal energy 3 kT
is a factor of five smaller than the first ionization
energy of a heliumlike impurity. The broadband
excitation with radiation energies exceeding the
impurity binding energy, characteristic for mea-
surements with the Fourier spectrometer, may
be the reason for the presence of singly ionized
impurities even at helium temperatures. The
other lines, which are shifted parallel to lower
energies and extrapolate to 24 cm ' at B= 0 T,
may be explained as an excitation of a neutral
heliumlike impurity. As expected qualitatively,
these lines disappear if the temperature is in-
creased from 1.7 to 4.2 K since the impurity be-
comes thermally ionized at T = 4.2 K. Quantitative
calculations for such an impurity are very diffi-
cult due to electron-electron interaction of this
two-electron system and strong central-cell cor-
rections. '3

Theoretically, the Z eeman splitting of the first
excited state is the same for a hydrogen atom, a
neutral helium atom, and a singly ionized helium
atom in the linear-Zeeman-effect regime, but the
zero-field excitation energies are different by the
ratio 1:2.1:4.'4 This behavior agrees fairly well
with the experimental data. Unfortunately, it was
not possible to identify the nature of these helium-
like impurities. For example, measurements on
Sn-doped tellurium crystals do not show an in-
crease in the acceptor concentration.

The anomalous behavior of the "2p," states at an
energy of about 100 cm ' can be explained as a
polaron effect. It is known" that electron-LO phon-
on interaction results in a pinning of the 1s-2p,
transition energy close to the LO-phonon energy
@&«and in a line at energies above @co„owhich is
shifted to higher energies relative to a linear ex-
trapolation of the 1s-2p, line observed at energies
well below the LO-phonon energy. The strength
of this polaron shift is connected with the polaron-
coupling constant a which, within the Frohlich
continuum model, depends on the LO-phonon fre-
quency, the high-frequency and static-dielectric
constants, and the effective mass. For tellur-
ium a value of a=0.14 has been calculated. '" A
comparison of the experimental data with calcula-
tions on the basis of a simple hydrogenlike im-
purity" indicates that a polaron-coupling constant
of 0.14 is too small to explain the observed polaron
shift. For an accurate calculation of the polaron
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Zeeman effect, the knowledge of the magnetic-
field-dependent impurity eigenvalues and eigen-
functions is necessary. The extent data, for a
heliumlike impurity state in tellurium are not ac-
curate enough so as to give a reliable value for the
polaron-coupling constant from a fit of the experi-
mental data with the polaron-coupling constant as
a parameter. However, a relatively accurate value
for the coupling constant a can be deduced from
the magnetic-field-dependent cyclotron mass. The
pinning of the cyclotron-resonance line at the ener-
gy of the LO phonon leads to an increase of the
cyclotron mass m, . Since in photoconductivity
measurements the cyclotron-resonance transition
(negative signal} can be traced to energies up to
90 cm ' (Rau«= 116 cm '}, a relatively strong in-
fluence of the polaron pinning on m, can be ob-
served.

The data are shown in Fig. 9. Without polaron
contribution (a = 0}, the magnetic field dependence
of m, is give+ by the dotted line. The increase of
the cyclotron mass is due to nonparabolicity. For
the calculations of the energy of the Landau levels,
we employed the same computer program which
was used by Bangert for the interpretation of mag-
neto-optical experiments on tellurium. " In these
calculations, the absolute value of the cyclotron
mass can be changed by varying the band-edge
mass, but the magnetic field dependence of m,
is given by fixed band parameters. Therefore, the
absolute value of m, is insignificant, since all the
calculated curves are fitted to the experimental
m, value at B=8 T. The polaron contribution to
the cyclotron-resonance energy can be approxi-
mated by the following equation':

3E =@ac o.~~o +
L 6 LO 20 LO

+ 0.145

where hE is the energy separation between the

Landau levels, and too, the cyclotron energy with-
out polaron contributions. This equation, which
is expected to be correct for e & 0.5, agrees with
variational calculations for energies jg~, & 0.8g~ ."
Good agreement between theory and experiment
can be obtained with a coupling constant e = 0.35
~ 0.05. However, this coupling constant is about a
factor of 2.5 higher than the value calculated within
the Frohlich continuum model. '" Similar discrep-
ancies are also found for CdTe, "and it is not
clear whether the simple definition of the coupling
constant given in the Frohlich continuum model is
inadequate or the values of the dielectric con-
stants, which are necessary for the calculation of

e, are grossly inaccurate.
For the interpretation of the impurity lines

shown in Fig. 3, the splitting of the ground state
into a bonding and an antibonding state has not
been included, since the calculated energy separa-
tion of about 2.5 meV between these states" is
too high for a substantial population of the anti-
bonding state at helium temperatures. At the
very least, the ratio of the intensities of the im-
purity lines corresponding to transitions from the
bonding and antibonding state to an excited level
should increase with decreasing temperature. This
is opposite to the behavior found for the peaks ob-
served at 24 and 46 cm ' at B= 0 T." Therefore
the photoresponse at 24 cm ' is explained as an
excitation of the neutral heliumlike impurity and
not as a transition from the antibonding ground
state to an excited state of the singly ionized hel-
iumlike impurity.

The observed splitting of about 1.6 cm ' (0.2
meV}, resolved for some lines shown in Fig. 3,
may be explained by the valley-orbit splitting.
This phenomenon will be discussed in connection
with the following interpretation of the data ob-
tained for doped samples (Figs. 5 and 8).

Qualitatively, the splitting of the impurity ground
state in tellurium is described by the formula"

(3)

0.13

0
—0.12
E

Q O.ll.

0.10
0 5 10

MAGNETIC FIELD (T)

FIG. 9. Magnetic field dependence of the cyclotron mass
of holes in tellurium. The lines are calculated for dif-
ferent polaron-coupling constants 0.'.

2A is the energy difference between the bonding
and the antibonding state, 5 is a constant that de-
termines the mixing of the states at H and 0'
(5-0.1a), and G is a constant (G-5) which de-
scribes the inversion asymmetry splitting of Lan-
dau levels in a magnetic field B II c.m

We believe that the small splitting of the impur-
ity lines shown in Fig. 8 (not resolved in Fig. 5)
originates from a valley-orbit splitting connected
with the third term in Eq. (3). This valley-orbit
splitting disappears at 8= 0 as observed experi-
mentally [see Eq. (1)]. However, a quantitative
description of the experimental data by Eq. (3)
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cannot be expected, since this equation is based
on qualitative arguments. For example, pre-
liminary variational calculations show" that the
splitting between the bonding and the antibonding
state at B=10 T is about one order of magnitude
smaller than the corresponding value deduced
from Eq. (3).

So far, no attempts have been made to calculate
the differences in the valley-orbit splittings for
different impurities in tellurium. The experimen-
tal results indicate that only one of the two lines
shows a strong chemical shift. A similar behavior
is found in measurements on other multivalley
semiconductors" where only the s-like ground
state, which is symmetrically composed of the
wave functions for the different equivalent valleys,
shows a significant chemical shift. For Group V
impurities in tellurium, this shift, which in-
creases the binding energy, is largest for bismuth
impurities and decreases with decreasing atomic
number. At B= 8 T the energy difference between
the split levels is 0.074 meV (Bi), 0.046 meV (Sb),
and 0.023 meV (As). The absolute value of the
chemical shift increases with increasing localiza-
tion of the impurity wave function, which results
in a larger valley-orbit splitting for heliumlike
impurities than for hydrogenlike impurities. It
seems reasonable to assume that the splitting of
about 0.2 meV at B= 8 T observed for heliumlike
impurities (Fig. 3) originates from the valley or-
bit splitting of the impurity ground state.

Up to now, no theoretical explanation has been
available for the impurity line (3) in Fig. 5 (which
shifts from 20 cm ' at B=4 T to 45 cm ' at B=14.5
T), if one assumes that only transitions to excited
states corresponding to hydrogenlike 2s and 2p
states are included in the interpretation. The
lines (1), (2), and (4) in Fig 5agree . fairly well
with transitions to 2p, 2po, and 2p, states. Apart
from the fact that the transition probability should
be very small, the transition energy to the 2s
state is about 5~ larger than the excitation ener-
gy observed experimentally for line (3}. It is
therefore necessary to perform further variational
calculations including 3p and 3d states and cal-
culations of the transition probabilities between
the four levels of the impurity ground state and
the excited states.

In our model the lines attributed to 2p+ levels
coincide at B= 0 T. This is not in contradiction to
the experimental result which indicates that, de-
duced from a linear extrapolation to B = 0 T, ap-
parently two different excitation energies of 11
and 9.5 cm ' are present at B= 0 T. This differ-
ence originates from a strong bending of the 1s-
2p line at low magnetic fields, which is typical
for hydrogenic impurities including Stark shifts. '"

B. Magnetic field direction perpendicular to the e axis

In the magnetic field orientation B&c, the im-
purity spectra are determined by the complicated
Landau-level structure. " ' Figure 6 shows clear-
ly that each impurity line is associated with a
cyclotron-resonance line. Calculations for a
simple hydrogenlike impurity in a magnetic field
show"'" that the 1s-2p, transition dominates in
the high-field limit, and that the transition ener-
gy is given by DE=geo, —e(2p, )+~(ls). e(2p, ) and
e(ls) are small quantities compared with the cy-
clotron energy I~, and describe the binding ener-
gies of the 2p, and ls states relative to the Lan-
dau levels with the quantum number N = 1 and 0,
respectively. This relation shows that the pre-
dominant contribution to the energy of the so-
called impur ity-shifted cyclotron-resonance line
comes from the energy difference between the
Landau levels. Since no strong selection rules
for cyclotron-resonance transitions in tellurium
in the orientation B&c exist, "a large number of
impurity-shifted cyclotron-resonance lines can
be observed, because the transition probability
for the impurity lines are determined by the
same matrix elements as for the cyclotron-reson-
ance lines. A lower limit for the impurity bind-
ing energy s (ls) in strong magnetic fields can be
determined from the energy difference between
the impurity excitation energy and the correspond-
ing cyclotron-resonance energy, which gives a
minimum impurity binding energy for the shallow
acceptors in tellurium of 1.5 meV at B= 10 T. The
splitting of the impurity ground state in a strong
magnetic field B&c into four states (bonding-anti-
bonding states, valley-orbit split states} is ex-
pected to be much smaller than the corresponding
splittings in the orientation B ~( c." Experimentally
no splitting Of the impurity ground state could be
observed, although the energy difference between
the bonding and the antibonding state should be
large enough to be resolved.

Measurements of the angular dependence of the
impurity lines at a constant magnetic field of
B= 6.6 T (Fig. 7) indicate that the amplitude of the
transition attributed to an excitation from the bond-
ing state to the 2p, state (B ~( c}decreases with
increasing angle y between the magnetic field
direction and the crystallographic c axis. This
transition cannot be detected in the orientation
B&c. For B&c the impurity transitions to excited
states belonging to the 1' and 1 Landau levels
disappear at y & VO, and only the line associated
with the 0'-0 cyclotron-resonance transition
(B&c) can be followed for all angles y. This re-
sult indicates that the ordinary cyclotron-reson-
ance line 0-1 for B ~~ c passes into the 0'-0 tran-
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sition for B&c. Cyclotron-resonance measure-
ments with a constant excitation energy of 2.4
meV, however, show a monotonic change from a
0-1 transition (B )~ c) to a 0'-1+ transition (B&c),2
whereas the analysis of the magnetophonon reson-
ance in tellurium'4 leads to the same angular de-
pendence of the Landau-level transitions as de-
duced from our measurements.

Most of the impurity lines observed for undoped
samples (Fig. 4) show the same magnetic field
dependence as found for doped samples and are
interpreted as impurity-shifted cyclotron-reson-
ance lines. The lines which are nearly magnetic
field independent originate from transitions to a
localized excited state which is correlated with the
lowest Landau level. The corresponding transition
is not observed for doped samples, which may be
explained by the very weak intensity of the infrared
source at 10 em ', where this impurity line is
expected.

It should be noted that all the impurity lines are
interpreted as transitions between discrete im-
purity states and not by transitions to Landau
levels, since the transition probability for shallow
impurities from localized states to the continuum
should be small. " Moreover, the energy differ-
ences between the different impurity-shifted cy-
clotron-resonance lines for B&c are not identical
with the energy difference between the correspond-
ing cyclotron-resonance lines, which shows that
the binding energies of the excited states relative
to their respective Landau levels are different
for different excited states.

V. SUMMARY

We have presented the results of far-infrared
photoeonductivity measurements on tellurium in
strong magnetic fields, which show a large num-
ber of strong impurity lines. In addition, the
cyclotron-resonance line is visible in the orienta-
tion B (~ c as a small negative photosignal. Most
of the experiments were carried out in the orienta-
tion B II c, because the Landau-level structure for
this orientation is relatively simple and can be
compared with the Landau levels of a pa,rabolie
band.

The four energetically equivalent valence-band
maxima in the first Brillouin zone of tellurium
cause a splitting of the impurity ground state into
two pairs of states in strong magnetic fields.
The large splitting originates from Rn interaction
between the two valleys which are close together
in k space (bonding-antibonding state). The small
splitting, which is strongly influenced by a chemi-
cal shift, is connected with an interaction between
the valleys close to the 0 and 0' points in the
Brillouin zone (valley-orbit splitting}. The larg-

est valley-orbit splitting, corresponding to the
largest binding energy, is observed for Bi im-
purities, the smallest one for As impurities.

In the orientation B )( c, all the data obtained with
doped crystals are interpreted as transitions from
the four impurity ground states (which are not al-
ways resolved) to excited states. In the notation
for hydrogenlike impurities, the transitions to

and 2p, states are clearly identified. Also the
transition to the 2po state obtained from varia-
tional calculations agrees fairly well with experi-
mental data. However, one set of impurity lines,
which shifts linearly with the magnetic field with
a slope of dE/dB -0.3 meV/T, could not be ex-
plained theoretically.

For pure crysta). s with a residual carrier con-
centration of p& 5X10"m ', the strongest photo-
signal arises from impurities which are deeper
than the impurities found for crystals doped with

Bi, Sb, and As. These spectra can be explained
as excitations of a heliumlike impurity. Since
the excitation energy for these impurities is high-
er than for hydrogenlike impurities, the excitation
energy reaches the LO-phonon energy within the
magnetic field range of our measurements, and
strong polaron effects are observed. The analysis
of the magnetic-field-dependent cyclotron mass
leads to a polaron-coupling constant of n = 0.35,
which is higher than expected theoretically by a
factor of 2.5.

In the orientation B&c, a large number of im-
purity-shifted cyclotron-resonance lines are
visible, since no strong selection rules for the
cyclotron-resonance transition exist. In this or-
ientation a splitting of the impurity ground state
could not be observed. Measurements of the an-
gular dependence of the impurity-shifted cyclo-
tron-resonance line show that the single cyclo-
tron-resonance line in the orientation B ~( c, cor
responding to a transition between the Landau
levels with the quantum number N = 0 and 1, passes
into a transition 0'-0 for the magnetic field orien-
tation B&c, contrary to earlier cyclotron-reson-
ance measurements.
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