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Spin-flip electron scattering in the zero-gap semiconductor Hgs seeds, 4Te
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A 0 maximum in the longitudinal magnetoresistance of Hg086cdp 14Te has been observed at 10 K, providing
evidence for spin-flip electron scattering in the material. Theoretical analysis indicates that the spin-flip

processes are caused by acoustic phonons through the deformation-potential interaction.

I. INTRODUCTION II. RESULTS AND DISCUSSION

The Shubnikov-de Haas oscillations of magneto-
resistance, after the first observations in semi-
conductors by Frederikse and Hosier' and Sladek, '
have served as a powerful tool in the investiga-
tions of band structure and its behavior in a mag-
netic field. The effect is particularly useful in
strongly doped materials, allowing for penetration
into high electron energies, not accessible by
other methods. On the other hand, it has not been
effectively used until present to identify dominant
scattering mechanisms.

Of special interest is the quantum limit of higher
magnetic fields, where only a few lowest Landau
levels are populated with electrons. In this region
there are striking differences of behavior in trans-
verse and longitudinal configurations. Efros' has
shown theoretically that in the longitudinal mag-
netoresistance one should not observe the 0 os-
cillation if the spin-flip scattering between 0 and
0' subbands is forbidden. ' Keiter and Hajdu'
showed subsequently in a model calculation that,
conversely, if the spin-flip scattering exists, the
0 maximum will appear. One can interpret these
conclusions observing that the spin- conserving
scattering processes (a and k in Fig. 1) are non-
resonant, whereas the spin-flip transitions (c and

d) to the state 0 (with the singular density of
states around k, =0), if not forbidden, will dra-
matically lower the relaxation time producing a
peak in magnetoresistance.

Experimentally, the situation is not quite clear.
A semblance of 0 oscillation in the longitudinal
magnetoresistance has been observed in InSb and
InAs by Amirkhanov and Bashirov, ' and Zakiev, '
in GaSb by Ponomarev and Tsidilkovskii„' and in
GaAs by Askenazy et a/. ' All authors conclude
that the 0 maximum is seen better at higher
temperatures, contrary to all other oscillations.
However, observations at liquid-helium tempera-
ture have been also reported. "'

We have performed measurements of the lon-
gitudinal magnetoresistance on a Hg„,Cd, „Te
mixed crystal, which for this composition is a
zero-gap semiconductor. The band structure of
the material can be well described by a three-
level model of the degenerate I', -symmetry level
separated by the energy &0 =45 meV from the I',
level and by the spin-orbit energy & from the I',
level. '"" The k p interaction between these
levels is taken into account exactly and all other
bands neglected. In the approximation 4» &0 the
spin splitting is almost exactly half of the orbital
splitting. Nonparabolic electron energies X are
to be determined from the equation

52@
D„'=( n-,'++-,')h&o, +,'=X 1+ —,

0

where &o, = eH/m*c is the cyclotron frequency. On
the other hand the concentration N of the degener-
ate electron gas in the nonparabolic conduction
band of the same form is

N= X 1+— (2)

where X~ is the Fermi energy. Comparing Eqs.
(1) and (2) the condition for Shubnikov-de Haas
is obtained as,

(n+-,' w ,')eH/kc = 2(3v'N)—'~',- (3)

where plus and minus signs correspond to the two
possible spin orientations. At T =1.7'K [N =1.90
x10" cm 3, mobility p, =1.11 x10' cm~/Vsec,
Fig. 2(a)] the two maxima correspond to unresolved
spin doublets for n =2 and 1, and the 0" maximum
is not observed. On the other hand, at T =10 K
[N = 2.33 && 10" cm"', y. = 0.81 x 10' cm'/V sec, Fig.
2(b)] the 0 maximum clearly appears, providing
evidence for the spin-flip scattering in the mater-
ial. The temperature of 10 K was found optimal
for this observation. Our assignment of the max-
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FIG. 1. Elastic scattering transition for electrons
in the two lowest magnetic subbands. a and b denote
intrasubband nonresonant processes, c and d denote
resonant spin-flip processes.

ima has been confirmed by supplementary investi-
gations of transverse magnetoresistance and hydro-
static pressure experiments in which the energy
&0 controlling the effective-mass value nz* could
be changed. The above mobility values indicate
that at 10'K the acoustic phonons contribute ap-
preciably to electron scattering.

FIG. 2. Relative change of the longitudinal resistivity
of Hgp 86Cdo f4Te as a function of magnetic field at T
=1.7'K (left scale) and T=10 K (right scale). 0 oscil-
lation clearly appears at 10'K, but is not observed at
1.7 'K.

Trying to explain this typical but rather strange
temperature behavior of the spin-flip scattering,
we employ the above three-level model solved for
the presence of a magnetic field. Choosing the
Landau gauge for the vector potential of the mag-
netic field: A =( Hy, 0, 0), -the solutions for the
two projections of the total angular momentum j
on the magnetic field direction are obtained in
the form (we take»& co, which is a very good
approximation for the case in question),

n tl tl

, 1 h&o (n+1) ' ' 3 h&o~ ' ' 8'/2m+ ' '„X,= xp(ikx, +I x)IiXa„'I„SI+I'„— ', I„„R+ —, I„, +&2II, X,I„Z I
tl n

I /2m* ' ~ 1 klan, (n+1) ' ~

tl n

(4)

where R, =(Xai Y') /W2 and the symbols 0 and 0 de-
note the spin-up and spin-down functions, respec-
tively. S and X, F, Z are periodic functions which
transform like atomic s and P functions under
operation of the tetrahedral group at the point I'.
Q„((y —y,)/L) are harmonic oscillator functions,
in which y, = kQ' with L = (Kc/eH)' '. The coef-
ficients a and b are given by the relations

(6)

Owing to strong spin-orbit interaction the above
electron wave functions corresponding to the two
projections of the total angular momentum j,

(which hitherto and hereafter we eall for brevity
"spin") are mixtures of spin-up and spin-down
components. We now use the wave functions to
calculate probabilities of spin-flip transitions in-
duced by ionized impurities and acoustic phonons,
the main scattering modes at the temperatures
of interest. Interaction of electrons with ionized
impurities is described by the screened Coulomb
potential V, ,(r) This potent. ial is a slowly-varying
function of coordinates and it acts only on the
slowly-varying parts of the electron wave func-
tions. The square of the matrix element for tran-
sitions between

~
0, k„,k„-)and

~
0, k„', k,', + ) states

is
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l&o+ lv, , lo &I'=-(f-h. )'
0 0

xl(y„v, ,y,)l,
where

I
&0+

I
v""

I
0 —) I' = c,[(q ', —q 8)'(1 —g)'+ 4q'g']

x (1/q'),

where

1
(P„v«P,) = — exp(i&k„x+ihkp) V;;(r)

k TE
C = ' (f'h-)'e~

p 4~+2 0 0 (12)

T —yp ~
t —Jo

I 0

with

~k„=k, —k„', ak, = k, —k,',

yo = k„l2, and y,'=k„'I'.

I&0+ IV'!.Io &I'=4c,[(1 g)'+g ](q, q', /q ),

I&o+ I V.'l" lo &I' = c,[(1—f)2 y4p](q2/q2)

(10)

It can be seen that the matrix element squared
is proportional to k'„so that just in the region of
energies where the density of states associated
with the upper spin level becomes singular, there
is no spin-flip scattering due to ionized impurities.

To calculate spin-flip transitions caused by
acoustic phonons" we employ a procedure used
in Ref. 13. The Hamiltonian of electron-phonon
interaction contains also a quickly varying factor
which will act on periodic amplitudes of the wave
functions. Owing to predominantly p-like symme-
try of the latter, also transverse phonon modes
can interact with electrons. We denote the direc-
tional cosines of the phonon wave vector g as e.
Then the polarization of longitudinal branch is
e„=(e„e„e,) and for the two transverse branches
we take

e"' = (e'+ e') 'i'(-e e 0)

and

e,"'= (e~ + ez) ' (-e,e„,-e2e„, e, + ez),

respectively. In the calculation we assume that
the three deformation potentials related to the
P-symmetry levels are equal to E. The deforma-
tion potential related to the I', level does not con-
tribute to the spin-flip processes. Since for acous-
tic coupling the probability of spin-flip transitions
does not vanish for k, =0, we consider namely this
case. The squares of the matrix elements betw'een
the I0, k„,0, -& and I0, k'„k,', +) states due to the
three acoustic modes in question are obtained as
(after integration over the azimuthal angle in the
phonon space):

with v„denoting the sound velocity for the respec-
tive mode, p is the crystal density, and 2g =q', /

The selection rules k'„=k„+q„and k,'=k, +q,
have been omitted for brevity. It can be seen that
all three acoustic branches give nonvanishing con-
tributions to spin-flip scattering at k, =0. The
magnetoconductivity can now be calculated follow-
ing procedures of Argyres" and Efros'. The am-
plitudes of oscillations will depend on damping,
which smears out singularities in the density of
states.

The essential difference between electron in-
teractions with ionized impurities and acoustic
phonons, resulting in different efficiency for
spin-flip scattering, is their slow and quick
spatial variation, respectively. The piezoacous-
tic interaction, characterized by a slow spatial
variation, will act similarly to ionized impurities.
As follows from the structure of the wave func-
tions, in zero-gap semiconductors the probabili-
ties of spin-flip and spin-conserving transitions
caused by acoustic phonons through the deforma-
tion potential interaction are of the same order
of magnitude. However, at low temperatures
the spin-conserving processes, responsible for
the Shubnikov-de Haas maxima 1,1',2, 2', . . . ,
are most probably caused by ionized impurities,
because for the latter the spin-conserving transi-
tions are possible: 0' —1', 0 —1, etc. , which
do not have the k', dependence and are thus pos-
sible also at k, =0. On the other hand, the spin-
flip processes, giving rise to the 0 maximum,
are associated with the presence of acoustic pho-
nons, requiring somewhat higher temperatures.

III. CONCLUSIONS

It has been demonstrated that in a small-gap
semiconductor in the presence of a quantizing
magnetic field the ionized impurities do not pro-
vide an effective scattering mechanism for the
spin-flip electron scattering. The same analysis
indicates that the spin-flip scattering transitions,
giving rise to the Shubnikov-de Haas 0" maximum
in the longitudinal magnetoresistance, are assoc-
iated with acoustic phonons. This explains the
temperature dependence of spin-flip scattering
observed both in our data as well as in those of
other authors.
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