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We have observed electron spin-flip Raman scattering in #-PbTe using a 10.6-u laser and magnetic fields
up to 105 kOe. From g-value measurements in samples with (111), (110), and (100) along B, we obtain
gu=>57.52 and g1 =15=-1. The g1, is considerably larger than that deduced previously from injection-diode
fluorescence and Shubnikov-de Haas measurements. The g measurement gives the first direct observation
of anisotropy of g values in PbTe. The magnetic field dependence of intensity of spin-flip scattering for
different g-value transitions indicates shifting of electrons from high g-value valleys to low g-value valleys.

HE band structure of PbTe and the associated
properties of its anisotropic electron gas have
previously been investigated in detail both theoretically?
and experimentally.?? Conflicting and incomplete mea-
surements of mobile electron g values??® make the com-
parison between theory and experiment difficult. In the
present paper we report results of Raman scattering of
10.6-u radiation by spin flips of PbTe conduction elec-
trons for three different orientations of B with respect
to the crystalline axes. From these results we have ob-
tained g;; and g, for PhTe where the electron valleys are
cigar-shaped elipsoids along (111) axes at the L points in
the Brillouin zone.? This gy, is considerably larger than
that deduced previously from injection diode fluores-
cence® and Shubnikov-de Haas? (SdeH) measurements.
Our g, measurement gives the first direct observation of
the anisotropy of g values in PbTe. Since our measure-
ments were performed in low-carrier-concentration
material, they are appropriate for comparison with
theoretical calculations for band-edge g-values. The
magnetic field dependence of intensities of spin-flip
scattering for different g values indicates shifting of
electrons from high g-value valleys to low g-value
valleys. In the present experiments, we were unable to
observe the Landau-Raman scattering corresponding to
a change of the Landau-level quantum number, , by
1 or 2 (Refs. 4 and 5). Also absent were Raman scatter-
ing from phonons and optic plasmons.
The effective-mass tensor for conduction electrons in
PbTe has been relatively well established. However,
a number of different measurements of g values give the
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gu (g values of electrons in a (111) valley parallel to B)
varying from ~ 30 to 48. The g value reported in Ref. 3
is for B|[(100) and thus it is neither the g, nor gi, but is
related to them through the expression®

go= (gn? cos?0+g,2 sin%0)1/2, (1)

where 8 is the angle between B and the (111) direction of
the electron valley of interest. The diode measurements
may not represent the bulk electron g value because of
the proximity of the junction region and because the
recombination radiation measurements give an average
of electron and hole g values. There are no direct mea-
surements of g, in either the PbTe diode measurements
or in SdeH measurements. The SdeH measurements
were carried out on PbTe samples having high carrier
concentrations. The nonparabolic nature of conduction
bands in PbTe results in higher effective mass of elec-
trons near the Fermi level in the high-carrier-concentra-
tion materials. Thus the SdeH measurement of g values
represent, at best, a lower limit on the effective g value
of electrons at the bottom of the band. In contrast, the
light-scattering measurements in low-carrier-concentra-
tion PbTe can give a much better value of g;; and g, at
the bottom of the band as a function of magnetic field.

The experimental setup used for the Landau-Raman
scattering of 10.6-u COs-laser radiation from mobile
carriers in PbTe was similar to the one described
earlier,%7 with the exception that a 105-kOe supercon-
ducting solenoid was used for the high magnetic field.
The #-PbTe samples prepared by Schmidt? were grown
by vapor deposition and properly annealed to have an
electron concentration of 8 to 10X 10 cm=3. The dc
mobilities of the samples were in range of 10® cm? V-1
sec.”! Sample temperature was in the range of S0°K and
could be monitored by the wavelength of the recom-
bination radiation resulting from two-photon electron-
hole-pair creation in the laser beam.® The electrons pro-
duced by the two-photon process were minimized by
defocusing the laser beam and did not affect the scat-
tering measurements. Free-carrier absorption from 4.2°
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to 77°K was measured to be between 2 and 10 cm™ in
the wavelength range of interest. Detection apparatus
and associated electronics allowed observation of scat-
tered-light intensities as low as 10~ W, which corre-
sponds to ~1071% times the incident 10.6-u laser
intensity.

Figure 1 shows the results of frequency shift of spin-
flip scattered light as a function of magnetic field for
three crystal orientations: (a) B||{(111), (b) B|[(110), and
(c) BJ|[{100). For the case of B||(111), two (111) valleys
lie at #=0° to B and six other (111) valleys are located
at §=70°32" with respect to B. Thus the two distinct
spin-flip scattering transitions seen in Fig. 1(a) corre-
spond to the As=1 transitions* in these two sets of
electron valleys. The first of these gives the value of g
directly as seen from Eq. (1) for 6=0°. For B||(100), all
the eight (111) valleys are symmetrically located with
respect to B and thus the single spin-flip transition,
shown in Fig. 1(c), is to be expected. For the last case
when B|[(110), we have again two sets of electron
valleys. Four {111) valleys lie at #=35°16" and the re-
maining four valleys are at §=90° to the magnetic field.
The Fig. 1(b) shows the positions of these two spin-flip
transitions with the latter giving the g, directly as seen
from Eq. (1) for 8=90°. These g values are summarized
in Table I. From these values, using Eq. (1), we find
that

gu= 57.5:t2 y
and 2
gu=1541,

for conduction electrons in PbTe. These g values are
extrapolated to zero magnetic field and decrease with
increasing field because of nonparabolic effects. g values
measured for other orientations fit within experimental
error using Egs. (1) and (2) for all values of magnetic
field. The g values in Eq. (2) are in disagreement
with previous measurements as well as with those
obtained from a number of different band-structure
calculations.!:?:3

The scattering cross section for the spin-flip Raman
process can be calculated from a simple two-band
model® and is of the order of

do/dQ= (hwo/ Eg)?(e?/mqc?)?=10"28 cm?/sr, (3)

where wy is the incident laser frequency, Eg is the band
gap, and m, is the spin effective mass. The numerical
estimate is for typical PbTe parameters. For incident
peak power of 30 kW, collection of ~0.1 sr of scattered

TasBLE I. Summary of g-value measurements in #-PbTe.

Direction of B Observed g values®

BJ|(111) 0=0° g=>58; 0=70°32", g=24
BJ|(100) 9=54°44", =355
B||(110) 9=35°16', g=46; 0=90°, g=15

a ¢ is the angle between a (111) electron valley responsible for the par-
ticular spin-flip scattering and B.
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Fic. 1. Frequency shift of spin-flip light in #-PbTe as a function
to magnetic field for (a) Bﬁ(lll), (b) BJ||{110), and (c) B(100).

light, and allowance for loss in sample, the observed
signal to noise ratio of 30 to 1 for a 10-kHz bandwidth is
in qualitative agreement with Eq. (3).

In previous experiments on isotropic semiconductors*
we had observed the intensity of the spin-flip transition
increasing steadily with the magnetic field, as expected
from the field-independent cross section in Eq. (3) and
the increasing density of states available. However, in
the situation of Fig. 1(a) and (b) where we have two
sets of electron valleys at different angles to B, an in-
teresting magnetic field dependence was observed for
intensities of the two different spin-flip transitions. In
both cases, the observed scattered light intensity of the
high g-value spin-flip transition decreased gradually and
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finally disappeared abruptly at B=60 kOe for B||{111),
and at B=90 kOe for B||(110). On the other hand the
low g-value line intensity became stronger, and was the
strongest at the highest magnetic field with a sudden
increase in intensity concurrent with the disappearance
of the high g-value spin-flip transition. This intensity
dependence may be explained in terms of shifting of
electrons from valleys at small angles to B to the
valleys at large angles to B. This phenomenon is ex-
pected to arise when the energy separation between the
lowest Landau sublevels for the two valleys becomes
larger than or comparable to Ep, i.e.,, when magnetic
field is such that

$[ (7o (81)— go,uB)— (hs(02) — goouBY 12 Ep(B) , (4)

where w.(f;) is the cyclotron frequency of electrons in
01 valley, go, is the g value of electrons in 8, valley, and
the subscript 2 applies to the second valley, with 6,> ;.
The field dependence of Ep at the quantum limit can be
neglected in first order. For B|[(111), 6;=0, and 6,
=70°32’ and with n,~10 cm™3, the inequality in Eq.
(4) is satisfied for B 250 kOe, which agrees with experi-
mentally observed magnetic field at which the high
g-value transitions disappears. For B|(110), Eq. (4) is
satisfied when B 290 kOe, which also agrees with the
experimental observation of disappearance of the high
g-value line for this orientation. Thus we believe the
magnetic field dependence of the relative intensities of
different g-value transitions shows the intervalley shift-
ing of electrons in PbTe very clearly.

The measured linewidth of the spin-flip scattered
light was <2 cm™! and was limited by the spectrometer
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resolution. Contributions to the width from nonpara-
bolic variation of the g values and Doppler broadening
of scattered radiation account for at least a ~2 cm™!
linewidth. The Al=1 and Al=2 transitions are also ex-
pected to have scattering cross sections comparable to
the spin-flip transition; however, these could not be
observed in any of the present experiments. Large
electron-collision broadening, broadening due to varia-
tion of #* in the nonparabolic band,* and broadening
due to polaron interaction,'® may account for the ab-
sence of Landau Raman scattering. In addition, Raman-
scattering from optic phonons in PbTe at Av=230 and
100 cm~? could not be observed which allows us to put
an upper limit of ~10712 for the Raman scattering
efficiency by optic phonons. The wy* dependence for
optic-phonon Raman scattering accounts for these low
cross sections.!! No spin-phonon interaction was ob-
served.

These results should remove the confusion between
previous measurements of g values in PbTe. The dis-
crepancy between our measurements and theory indi-
cates a need for further theoretical investigations. Im-
provement in detection sensitivity and spectral resolu-
tion closer to the laser frequency may reveal other
interesting details of electron-gas modes.
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