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A theory of a new internal resonance in semiconductors, called spin-magnetophonon resonance
by the authors, and the theory of various aspects of this phenomenon in galvanomagnetic ef-
fects, are developed on the basis of the theory previously proposed by the authors for interac-
tions between electrons and optical phonons leading to transitions involving spin flip. (131 14 is
shown that in the case in which the spin sub-bands of the Landau magnetic bands are split by a
quantizing magnetic field, spin-magnetophonon resonance leads to new oscillations (compared
to what the magnetophonon resonance theory yields) of the transverse pyxyx and longitudinal p,,
magnetoresistance. The character of the extremum on the oscillation curve of the longitudinal
magnetoresistance at the point corresponding to the resonance value of the magnetic field de-
pends on the presence of some additional electron-spin-flip scattering mechanism, which in-
terferes with the scattering by optical phonons (electron scattering with spin flip by acoustic
phonons has been considered by us); it also depends on the relation between this mechanism
and other scattering mechanisms. The equilibrium electron distribution is assumed to be of
the Boltzmann type. The results of the theory are in agreement with the experimental data.

IN recent years, a theory of magnetophonon reso-
nance (MPR) in semiconductors has been devel-
oped,“'“ and a significant number of researches
have been carried out (see, for example, [97121) on
its experimental detection and study.

MPR is an internal resonance which can be com-
pared with the corresponding ‘‘external’’ reso-
nance—cyclotron resonance. Actually, both these
resonances are the consequence of the features of
the density of states of electrons in a magnetic
field and are connected with electron transfer from
the bottom of one Landau magnetic band to the bot-
tom of the next higher band. The energy required
for this purpose is drawn from different sources:
this is the energy of the external electromagnetic
field in the case of cyclotron resonance, and the
energy of optical phonons in the case of MPR.

In this paper we construct a theory for the os-
cillations of the galvanomagnetic kinetic coeffi-
cients, brought about by a new form of internal
resonance, called by us spin-magnetophonon reso-
nance (SMPR). SMPR is associated with electron
transitions between spin subbands of the same or
of different Landau bands—transitions with spin

ﬂip,“ —which are accompanied by absorption of an
optical phonon with energy hw, (w, is the limiting
frequency of long wave optical phonons). In this
case, the following relation is satisfied:

hiwo = Kho = | 8| pol

(K is an integer, K = 0 for the plus signand K>1
for the minus sign; we = eH/mc is the cyclotron
frequency, —e the charge on the electron, m the
effective mass of the electron, c the velocity of
light, g the effective spectroscopic splitting factor,
po = efi/2myc the Bohr magneton, m, the mass of
the free electron, and H the external magnetic
field).

DHere and below we defined transitions with spin flip as
transitions between states which arise as a consequence of the
removal of the Kramers degeneracy by the magnetic field. This
is done for convenience and brevity of terminology. It must be
remembered that strictly speaking these states (and this only in
the case of a diagonal matrix of the total characteristic mag-
netic moment of the electron) are eigenstates of the operator of
the total characteristic magnetic moment of the electron itself,
which appears as a consequence of a strong spin-orbit interac-
tion.
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SMPR can also be compared with external reso-
nance—paramagnetic resonance with conduction
electrons in quantizing magnetic fields (in the in-
frared absorption region). As in the case of a com-
parison of MPR with cyclotron resonance, the sim-
ilarity of the internal and external resonance lies
in the transitions of the electron between the same
initial and final states, while the difference lies in
the sources from which the energy necessary for
transitions between these states is drawn.

The theory of SMPR is constructed on the basis
of the theory developed previously by the authors3!
for the interaction of the characteristic magnetic
moment of the electron with the optical vibrations
of the lattice. As numerical estimates in "3 have
shown, the interaction with optical phonons leading
to spin flip in semiconductors with strong spin-
orbit coupling, for example in InSh, is character-
ized by a constant d with the dimensions of energy,
comparable in magnitude with the constant of the
deformation potential E,.

It is interesting to note that although the inter-
action characterized by the constant d appears as
the result of taking into account the relativistic
terms in the Hamiltonian of the electron in the lat-
tice (account of the spin-orbit term), the constant d
is not small, just as the constant A of spin-orbit
splitting of the valence band is not small.?

The analysis presented in 13} shows that the
overwhelmingly predominant contribution to the
constant d is made by the short-range part (at
distances r of the order of the lattice constant a)
of the interaction of the electrons with the optical
vibrations of the lattice. The long-range part of
the interaction (r > a) with the polarizing vibra-
tions of the lattice makes a negligible contribution
to d, of the order of the ratio of the energy of the
electron in the conduction band to mocz.

We note that, in the case of the ordinary inter-
action (without spin flip) of the electrons with the
polarizing vibrations of the lattice, the inverse is
the case: the main contribution to the electron
scattering is made by the long-range and not the
short-range interactions.

The large value of the constant d permits us to
hope that the interaction with optical phonons which
leads to spin flip can appear in experiments, in
particular, in the form of additional oscillations of

2>According to the estimate of Kane, [**] A = 0.9 eV for
InSb. The validity of this estimate is appreciably strengthened
by experiments [**] on the determination of the spectroscopic
splitting factor g which, in accord with the theory of Roth
et al. [*°], is expressed in terms of A, the effective mass m and
the width of the forbidden band E.
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the magnetoresistance (in comparison with those
produced by MPR). The additional oscillations of
the magnetoresistance observed in U7=191 an ap-
parently be associated with SMPR.

The present research includes an analysis of
the phenomenon of SMPR both for the transverse
(o0xx) and longitudinal (¢ ,,) electrical conductivity
in a magnetic field of semiconductors of the type
n-InSb. It was shown in ! that in the case of MPR,
in the calculation of the oscillating part of p,,,, it is
necessary to take into account the interference of
two scattering mechanisms—by the acoustic and
optical phonons. In the case of SMPR, in the com-
putation of p,,, it is also necessary to take into
account interference, but of four rather than two
scattering mechanisms—namely, scattering by
acoustical and optical phonons with and without
spin flip. The character of the extremum (mini-
mum or maximum) on the curve of p,, at the point
of the resonance value of the magnetic field is de-

. termined by the relations between the different in-

terfering scattering mechanisms.

1. FORMULATION OF THE PROBLEM. MATRIX
ELEMENT FOR TRANSITION ON AN ELEC-
TRON WITH SPIN FLIP

The application of the method of effective mass
to the conduction electrons in an ideal lattice with
account of spin-orbit interaction and in the pres-
ence of an external magnetic field permits us to
consider the electrons as free particles with an
effective mass m and an effective g factor. This
means that in the case of a semiconductor with a
simple band (nondegenerate, and having a minimum
at the center of the Brillouin zone) the Hamiltonian
of the electron can be written in the form

Ho=(p+Za) (L.1)
2m c
where p is the momentum operator, A =A(0, xH, 0)
is the vector potential of the external magnetic
field, directed along the z axis, ¢ is a vector
whose components are the Pauli matrices,oy, Oy,
and o ,.

The eigenfunction of the Hamiltonian (1) is the
product of the eigenfunctions of the operator o,
and a coordinate part characterized by the set of
the quantum numbers «k = (n, ky, k,) and equal to

(1.2)

1 _
Fo(r) = —exp {ikyy + ik} O ( . ) .
L la
Here k is the wave vector of the electron
X = —hcky/eH, lg = (ch/eH)'/? is the magnetic
length, and &, (x —x)/lH is a homogeneous os-
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cillating function determined by the relations

@n(x_

Iy

Zo

)= (ad?) s (2nmn)

J1m(=5)

H

X — Xy

(1.9)

T
Pl 7

Here Hp((x —X¢)/lg) is a Hermite polynomial of
order n.
The eigenvalues of the operator (1) are

ZH

Eu,s=8n'—3g.ur0H/27 (14)

where €, =hwe (n + 1) + h2k2Z /2m, and s = %1 is
the spin quantum number.

We recall that the effective mass method is ap-
plicable when the wave function of the electron
changes only slightly over distances of the order of
the lattice constant. Furthermore, we have made
use of the two-band approximation of Kane, 4! the
condition for the applicability of which in our case
reduces essentially to the inequality hw, /Eg « 1,
which is satisfied.

As shown in 31 the part of the operator of
electron-phonon interaction, corresponding to tran-
sitions with spin flip in scattering by optical pho-
nons, has the form

24P I3 B ek 0 [h el
Her-pn= Vd <2NMmq> {eq by® <[h el i - qo ]>
+-q
P q ~iqry i)+ 0 [he'q?]
e At g )+ ( . “ )
“n 2)Te [he™ 0
‘P a4
x(ﬁ + A )} (1.5)%

where hy =15 + ly, 1y, 1y are the unit vectors cor-
responding to the directions along the x and y
axes; (i) is the index of the branch of optical vibra-
tions of the lattice; €% b (}(’1 ‘1()1 is the dif-
ference of the vectors characterizing the displace-
ments of the atoms of both types3) during the vibra-
tions of the lattice. For optical phonons, e’ !’
differs from zero even in the zeroth approximation
in the phonon wave vector ¢; in interactions with
acoustical phonons, (1.5) is also valid, but e(q—’ D
for acoustical phonons differs from zero only in
terms beginning with first order in q, that is,

et D~ aq (see 137).

In what follows, for purposes of avoiding compli-
cated expressions, we shall consider the extreme
quantum case (lg [No H/T > 1, T is the tempera-
ture in energy units), in which the electrons are
primarily in the lowest spin subband of the zero

*[he] = h x e.
3)We consider a crystal in which the unit cell has two atoms.
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Landau magnetic band (band with quantum number
n=0, s=—-1).

We write out the form of the square of the modu-
lus of the matrix element which in the case g < 0¥
defines the transition of an electron from the state
n=0,s=-1, ky, k, to a state of higher energy
which differs in the value of the spin projection
n’=0, s’'=1, kg,, ky:

1 / ? / 7 : ; e h
| (e s = ] e el p 4 A - 2)
2

=9 s} lH_

k”’, k,tqy R Rytq,

><|n=-0,s=—1,ky,k,>

X e (e )3 el 0 (e ) (B L)
sl

q1% = q.* + g,

— e (el D got el gy) (K (1.6)

where
u = 1/2ZHZqJ.27 (1.63.)

The result (1.6) is obtained by using for the in-
tegrals of the form

{dzexpl—1/2(t— L) — 2t — ) +

I, =

+ igulugl] Hp (§— L") Hn (T — &o) (1.7)
the expressions (compare with those given in [203)%
I, = VRZ"(zo — &+ igedu) ™" exp [ —Yoli +

+ YVaiguln (Lo + &) ] L™ (&), ' = n;
I = Y27 (& — Lo+ ig<ln) ™" exp [—1/2@l

+ Yoiglm (Lo + ) 1 Lo » (&), nZ=n';
&= 1]t — )2+ (g:lu)?]. (1.8)

The square of the modulus of the matrix element
for the transition of an electron from the state with
s = 1 to the state with s =—1 can be obtained from
(1.6) by the simultaneous substitutions q — —q,
k—k’, and k’ — k.

We shall further consider the manifestation of
SMPR in galvanomagnetic effects. We shall con-
sider first the simplest case—the transverse elec-
tric conductivity.

“For InSb the effective g factor is negative, [**] so that the
state with a spin directed against the magnetic field is energet-
ically more favorable.

5)e take the opportunity to note that the expressions given
in [®] for integrals of the form (1.7), with a separate phase fac-
tor in the form of an arctangent, it is necessary to multiply by
[sign (& — ¢NI™™in Eq. (8) and by [sign (" - £)I™" in Eq.
9.
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2. OSCILLATIONS OF THE TRANSVERSE ELEC-
TRIC CONDUCTIVITY

As is well known, the transverse electric con-
ductivity oyxy differs from zero only in the pres-
ence of scattering and, in the lowest approximation,
is proportional to the scattering probability. Inas-
much as the total scattering probability of the elec-
tron is an additive quantity, it suffices for the eval-
uation of the effect of SMPR on o4y to consider
only the contribution made by the spin-flipping in-
teraction of electrons with the optical phonons. It
is natural that this contribution, which is propor-
tional to exp (~hwy/T), is small in comparison with
the background noise brought about by other scat-
tering mechanisms (in particular, by acoustical
phonons), and can itself appear only close to the
resonance values of the magnetic field Khw,

+ | g ol = hay.
We make use of the well known formula for o

(see, for example, f211 page 113 of the Russian =
translation):
Ore = éjﬁ%g dky’ dky dky diy (k) — ky)?

X exp [_____E — soéf:—’(kZ) ]W(n’, k) ks =1;
n=0,kyk,s=—1), (2.1)
W___Z]M n, k) ks =1;,n=0, ky, k;, s = — 1)|?

i, q
X 8 (8x, s — &, o -+ Fidg). (2.2)

Here M(k’, s’; k, s) is the matrix element of the
transition, ¢ the chemical potential, and L3 the
normalized volume. In (2.1), the contributions from
scattering by longitudinal and transverse branches
of the optical vibrations of the lattice are summed.
They can be considered separately with account of
the difference of the limiting frequencies of trans-
verse and longitudinal optical phonons.

Making use of (1.6) and averaging over the direc-
tions of the polarization vector of the transverse
optical phonons, which is connected with the sub-
stitution of the expressions

—ou_ M9’ ~ M g2
P = g L e+ e0a) = — o 1
GO+ (6,0)2 = (1 +% ), (2.9)

we get the following expression for the contribution
to the electrical conductivity from scattering by
transverse optical phonons
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dede’ e=¢/T §(e — &’ + Awoy)
= *
Ol UOZ S eh(e’ — n'ho.—|g|uoH) " 24
where
2 2
S M Roc o, (2.5
16Yn m  Toprspl?
Topt. sp is defined in (3.10) (see Sec. 3) and the re-

lation (3.16) between the concentrations and the
chemical potential is also used.

Equation (2.4) has logarithmic singularities for
those values of the magnetic field at which the con-
dition fiw, = n'hwe + | g IHoH is satisfied, which
leads to oscillations in oy, with the period

A(1/H) =e/mwoJ_c. (26)

The oscillating maxima of oyxy are located at
the inverse values of the magnetic field

ﬁ=( 'm‘+|glll0)ﬁ(:u,

that is, for reciprocal values of the magnetic field
larger than Ig |u0/hw01 , the corresponding mag-
netophonon maxima of oyy are impossible.

In the case of a nonzero population of the mag-
netic band n =0 and s =1, maxima of oy, must
also appear at the values

1 , eh 1
_IT=(n _m_—lglu) ‘hwoy
which are associated with the transitions of the
electron to the band with n’ = 1 and s’ = —1, and
for values of the reciprocal of the magnetic field
smaller than the value |g , po/fw, corresponding to
the magnetophonon maxima o .
It is easily seen from Eq. (1.6), in which the fol-
lowing expression is used for the longitudinal opti-
cal phonons:

(2.6a)

n=1 (2.6b)

e = (M [ M)"hq, ] q, (2.60)
that the square of the modulus of the matrix ele-
ment for the transition of an electron from the
state n =0, ky, ky, s =—1 to the state n’= 0,

k{, kb, s = 1 is proportional to k%. This causes

the logarithmic singularity which takes place in

the case of scattering by transverse optical pho-
nons to vanish, inasmuch as

e (6= Ro/2 +|gluall/2)'h
x| de dg’ e—&/T
C. Il %S gag e [3/_(n/+1/2)ﬁﬁ)c'_|g|p,oH/2]l/i

(2.7)

X 8(e — &'+hag).

Thus, to the oscillating maxima on the curve of
oxx, Which are associated with MPR, there should

*See Erratum, p. 1147.
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be added maxima associated with SMPR in scat-
tering by transverse optical phonons; these are
located close to the former for reciprocal values

of the magnetic field which differ by |g |ug/Bwy) -
The oscillating maximum associated with transi-
tions of electrons between spin subbands of the zero
Landau magnetic band (upon satisfaction of the con-
dition fiwy) = |g|yoH) has no neighboring maxi-
mum brought about by MPR.

From (2.4), it is easy to find the shape of the
oscillating peak; fall off takes place as the expo-
nential exp [—( |g ’uoH — fiwy) /T] in the direction of
stronger-than-resonant magnetic fields and as
[(Hewy — ,g lHoH) /T2 on the side of weaker mag-
netic fields.

Inasmuch as the experimentally measured values
of the transverse magnetoresistance in the case of
a quantizing magnetic field under consideration is
associated with oxx by the relation pyy= oxx/og(y )
in which oxy = nyec/H does not depend on the
scattering, all that has been said above about the
character of the oscillations of oyy applies equally
to pxx, in view of the direct proportionality

Pxx ~ Oxx-

3. OSCILLATIONS OF THE LONGITUDINAL
CONDUCTIVITY

We shall consider the behavior of ¢,, close to
the values of the magnetic field for which the tran-
sition of an electron from a lowest spin subband of
the zero Landau magnetic band to the upper be-
comes possible, that is, in the region close to the
resonance value of the magnetic field determined
by the relation |g |p0H = hwy. Here the basic scat-
tering mechanism in the case of SMPR—scattering
by optical phonons with spin flip—interferes with
the ‘‘phonon’’ scattering mechanisms, of which we
shall consider the following: scattering by acous-
tical phonons both with and without spin flip, and
scattering by polarized vibrations of the lattice
(without spin flip).

The value of the current density along the z
axis

hk,

ji= —e Z

n, §, kv, kz

fn, s(k2) (3.1)

m

is determined by the correction to the distribution
function fn, g(k;), which in turn can be found by
solution of the kinetic equation

eE OF, 0 N

hke oz Sopnfn,S(z)+S\a°f"’s(z)‘

= (3.2)
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Here the following notation is used:®’ Fy=e §-o/T
is the equilibrium distribution function for the elec-
trons,

z=1Ik,/k¢, ki=H01Y2mT, e=2a(n+1/2)+ 22+ s-2p,

2p=|g|pH/T, 2a = ha /T, (3.2a)

gopt and éac are the scattering operators for opti-
cal and acoustical phonons. (For economy, we do
not write down the general expressions for them;
they are given, for example, in [31) The so-called
“‘incoming’’ terms in (3.2) in the case of the ex-
treme quantum limit under consideration can be
omitted both for scattering by acoustical phonons
(in terms of the small parameter (mvzs 20/ T/,
and for optical phonons (small parameter @B/Za).
We shall seek a solution of Eq. (3.2) in the form

ﬁekt

m

Ta
——E mn, s
- Bz, s(12])

fn,s(z) =

Xexp[%—&z(n—{—é)—sﬁ——zz], (3.3)
where 7, = mhip /vV2 E3mT)%/%. Inasmuch as
““arrival’’ is not taken into consideration, we imme-
diately obtain an equation for the function Xn, s( | z I)
which is obtained by substitution of (3.3) in (3.2):

1=—1—vn,s(zz)ym,8(,z|), (3.4)

Ed
Here we have the notation

a

1 T
mvn,S(ZZ) = E‘ ('—Sac_Sopt —Sac.sp— Sopt.sp)- (3.5)

The terms in (3.5) associated with scattering by
phonons without spin flip were computed with £3)

Ta :
_a_(_ Sac— Sopt) = Z [22 4 2a(n—n')]"

+ % 2 Grn (y1t) + Gone (y2)

—#—2a(n —n— wo/ wc) "

Gnn' (yi_.) + Gnn’ (yz‘)
[22 — 2a(n” — n + wi/oc) ]’

No+ 1
+—5—2

n’

1 1 ‘ra(hmo)‘/z (3.6)

T 4ato\ T
(the notation of 31 4g preserved).
By using (1.5) and (1.6) with the substitution

©)The designations given here and below actually are not
different from those used in [*] which can simplify the compari-
son of the results for MPR and SMPR in 0,,.
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el — aq, we obtain the result that the departure

from the state n =0, s = —1, k k, (as a conse-
quence of the scattering of the electrons by the
acoustical phonons with spin flip) is determined by
the expression

o z2
(@ — Zan” = 2B

N ac.sp= —
Tac.sp

[%n +1(g— \‘f- y’n'-u( ;)]

1
n'l

un'+ g—u

dy ——,
u+zx

y'n’+i (.’IE) =

o8

G2 = — 2z =4[22 — 20(n" — n) — 2", (3.7)

where p is the density of the crystal,

' *l2 q22
t_ @mD)ted (3.8)

Tac.sp ZIJTQUSZFLG

By using (1.5) and (1.6) and averaging over the
directions of the polarization vector of the optical
phonons, we obtain an expression including in it-
self the principal terms and characterizing the
‘‘departure’’ as a result of scattering with spin
flip by the optical phonons:

a? I Z IVO
21:<>pt.5pl n (ZZ — 2an’ — 26 -+ fl.(x)o/T) '

[ Fonn( L) 4 (21 ]
+2

J— S‘opt.sp =

No+1
= (22— 2an’ 4 2B — fiwo/T) "

Go—)2
[%n +2( ()" )-l-?n +2( (&) )], (3.9)
20
where
b = — 20 (22 — 200" — 2B + hao/T) ",
12 = 2z 4= (22 — 2an’ — 28 — hawo/T) ',
- M _ M1M2 1 mdz(mT) ¥
p=—, M= ) =—————, (3.10)
I/cell Mi + M2 Topt.sp Vz J'Lp(nofl"

M is the reduced mass of the cell.
By substituting (3.6), (3.7), (3.10) in (3.5), we ob-
tain

1
—_ 2an/) Yia

1
-y 2 _i
|z|v°'"‘(z) nz (2

& Gons (Y1t) + Gon' (y27)
I <[22 —2a(n’ — wo/wc) =

+
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Noy+41 Gons (¥17) + Gon+ (y27)
r ’n—' [22 — 2a(n + wo/oc)]"
1 2 22 [Fnp1(§:2/20) + Fnosa(§22/2a)]

Tac.sp n (22— 2an’ — 2B) "
a . No
T 2T opt.sp %" (22— 2an’ — 2B + fiwo/T)

x [t G5+ e (()]

a No + 1
21-‘opt.sp n (ZZ — 2an’ + 2[3 — ho.)o/T) Ve

( <q1 )2 i (qz-)_z)]
[%n +2 ) + g'n % )
where the following notation is used:

1/ Fopt.sp = Ta /T‘opt.sp' (3.12)

By knowing the correction to the distribution
function, we obtain an expression for the longitud-
inal conductivity

_|_

+

(g1*)

+

(3.11)

1/ PaC.Sp = Ta/TaC-Sp»

2
Oy = 20T o ypha (3.13)%
Y am chp
where
J =2 ewn=ss { dzzte—y, o(|z]). (3.14)

n,s —00
Because of the condition of the extreme quan-
tum limit 28 >> 1, we limit ourselves in (3.14) to

terms with n=0 and s = +1:
o

J= S dr— e—ZﬂS
0

In (3.13), we have made use of a relation between
the concentration of free electrons in the crystal
and the chemical potential

Vn =k lg2eyT hﬁ.
(2 )2 sh a

=22 (3.15)

Vo, —1 ( Vo, 1(-’1)

1
no = D Fy= (3.16)

The oscillating part of (3.15), which is associated
with scattering by optical phonons, is proportional
to exp (—Hwy/T). In order to keep terms of lowest
order in this main small parameter, we regard the
integration as actually extending from 0-238 in the
first component of (3.15), and in the limits 0-1 in
the second. The degree of deviation of the value

of the magnetic field from the resonance value will
be characterized by the parameter

(3.17)

*sh = sinh, ch = cosh.



SPIN-MAGNETOPHONON

We limit ourselves to the case of approach to reso-
nance from the side of higher magnetic fields,
where 6 < 0. Close to resonance, |6 | < 1. In the
case 6 >0 (the approach from the side of smaller
magnetic fields) the results are similar.

Limiting ourselves to the fundamental terms
for |6 | <« 1, and applying (3.11), we obtain the fol-
lowing expressions for the discontinuous functions
vy, -1(x) and v, 4(x):

1) wvo, -1 (x) =1, z << 2B|8];

)1/2
’

2
2) vo1(@) =15~ No(x—;ﬁIM/

Fopt.sp

2B|8| <z <28(1—[0]);

. s
3) vo,1(z)= 1+"f~‘( xfzg%—_?ﬂ*)) ’
28(1—|8]) <z < 2B;

9 A
4) vo,—1(z)=1 -i-F——aCJCSp (x—_—xZﬁ )

+—b—( 2 )

F\z—2p(t—o])/ '@ 2<%

2z z fe
5) voale) =1+ (g )

Y2
),

2a ( z
Topt.sp \z + 2B (1 —8])

z<<2(1—|8]); (3.18)
where b ~ 1.2; N, = [exp (Aw,/T) + 1]°L.

The form of the function vy _y(x) in region 1)
is determined by the elastic scattering of electrons
by acoustical phonons inside the magnetic band
n=0, s=-1 Inregion 2), the electron, absorb-
ing an optical phonon and reversing its spin, can
undergo a transition to the band n =0, s=1. In
region 3), the scattering inside the band n =0,

s =—1 is possible with emission of an optical pho-
non. In region 4), the transition to the band n =0,
s = 1 can take place also under scattering by
acoustical phonons. Finally, for the region 5), we
give without derivation an expression for the func-
tion v, (x), which is obtained similar to vy _4(x)
and under the same fundamental assumptions re-
garding the ‘‘arriving’’ terms.

In the drawing, the possible transitions of an
electron that are vital to the problem under con-
sideration are shown by the arrows. The arrows 1
and 2 indicate transitions in the scattering of elec-
trons by acoustical phonons without and with spin
flip, respectively. Arrows 3 and 4 indicate elec-
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2,5
n=0s=1

n=0s=-1

iy

~

t

Possible electron transitions in scattering by acoustical and
optical phonons.

tron transitions in scattering by optical phonons
with spin flip (with absorption and emission of an
optical phonon, respectively). The arrows 5 and 6
indicate scattering of electrons by optical phonons
inside the band n =0, s = —1 (with absorption and
emission of an optical phonon, respectively).

We proceed to analysis of the character of the
extremum of the longitudinal magnetoresistance
pzz at the resonance point H = fiw,/ l g lﬂo-

A. Limiting case of scattering by optical pho-
nons. In this case, the fundamental contribution to
the integral J (3.15) is given by two regions inside
which the function vy _4(x) is determined by the
expression

bNy [ x \'
Vo,—1($)=i—o(9;) , T <<2B|0];
Vo _1(x) = % (i \1/2 2a No( z )1/2
' I \20/ " Toptsp '\ z—2B|8]/ °

28|18 <z<2B(1—]8]). (3.19)

Carrying out the necessary calculations, we ob-
tain an expression for p,,:

 wo\': b 1
o)) 1 3.20
02 = p( >(,mc) =Py O
where
_om Fl(l)o
o= e 7).
2T .
Fep(z) = == {drety{+2
Vg
bropt.sp (o \( T \hT
|y brostsp (oo \( T _ 3.21
X[ t 8a’ty < T) \2a> ] ( )

As 6 —0, the value of p,, has a maximum.

B. The case of the interference of the mecha-
nisms for scattering by acoustical and optical
phonons. Inasmuch as only the part of (3.15) asso-
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ciated with scattering by optical phonons is re-
sponsible for the oscillations, we separate it ex-
plicitly:

J = Jac— AJ, (3.22)
where
A = S dx xe*x< ! ! )
0 vac (:c) Vo, —1 ()
e d xe~x( t 1 ) (3.23)
S Voi (x) vo,1(Z)

or, with account of (3.18),

- Jee L 22 i ) T
28 .
I AP S
il 22 ) T
x b z

1+ 5p<5———z§ ) TR mm)]n}

i e_2ﬁ§ “ xe—x{b e sp( z j 28 /VT
[1+ Tac. SP(I—::Zﬁ )l/’
+Foi1p (x+2ﬁ<:;—|a|)>h] 2 (3.24)

The character of the extremum of the oscillating
part AJ at the resonant point H = hw0/|g llio and
its value relative to the ‘‘noise’’ are determined

by the difference

AT 2p1811 — AT | 2818131 (3.24a)

in the values of AJ computed in the resonance re-
gion (28 lé | « 1) and somewhat to one side of it
ARER Y
From (3.24), we find
ﬁ(x)g
Al2p1 >1=NOS dxe—x( x-}——)
0

1
X [ =1F BT ((z + ho)o/T)/x)‘/Z]

(3.25)
( —-b h&)o\% b ﬁ(l)o
X V“f(T) ’ 1‘( ) <t
- 0
hoo _Vm (ﬁo)())'/ﬂI‘ b Ao Ve
14— =20 22 — ==
i 2\ T /) b I‘(T/>1
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In the case of simultaneous satisfaction of condi-
tions a), we have

b/ Aoy \'h 2 2
el [ 17 - 17
r< T Tomon =

(h""’) <1, (3.26)

I‘a\c.sp \

——

when the strongest scattering is that due to acous-
tical phonons:

4o,

an(fimo>/2

AT _N[
|28181<1 o T\ 7

I‘iopt. sp

4 20 29n

(3.27
Tac. sp )

oy OIS

(2B) " Tac.sp

Inasmuch as the sum of the three latter components
of (3.27), which are responsible for the oscillation,
is positive, p;, must be a maximum in this case,
at a value of magnetic field H = ﬁw0/| g 'Ho-

In case b)

_(ﬁco°> >1, ‘20‘ 9 /’ﬂ\,%
r IOpt.Sp Pac,sp\ T/

(but NoT' "'b(hw /T)!/2 << 1, that is, the background
is determined by the acoustic scattering as before)
in the region of resonance we have

<1 (3.28)

<t

hoo  2a¥m [ Ao \*: 4a
AT Japiar <1 = Vo 14 25 — (20 ]
28181 <1 o| 1+ Tacep\ T/ Topt.sp
(3.29)

and the sum of the last two components can be neg-
ative upon satisfaction of an additional condition
imposed on the relation between the acoustical
scattering with spin flip and scattering by optical
phonons also with spin flip, viz.,

VTt Fon
2 Tac. sp

T
If the conditions (3.28) and (3.30) are satisfied, then
pzz must be a minimum at the resonance value of
the magnetic field H = hwo/l g lllo-

(3.30)

4. DISCUSSION OF THE RESULTS

A theoretical analysis shows that SMPR in semi-
conductors leads to spin-magnetophonon oscilla-
tions of the magnetoresistance.

If the electrons are in both spin subbands of the
zero Landau magnetic band, the magnetophonon
maxima on the curve will be bracketed by spin-
magnetophonon maxima. In the extreme quantum
limiting case, when the electrons remain only in
the lowest spin subband n =0, s = —1, the SMP
maxima vanish at values of the reciprocal mag-
netic field.

ki
Bi= (K" (gno) [ho, K=1  (4a)
\ mc 7
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leaving only the SMP maxima at the values
h
H- =( K4 g oo, E=0.  (4b)
me /

The SMP maxima on the curve must have a sharply
asymmetric form: the fall off in the direction of
larger magnetic fields is exponential, viz.,

|g|;ml¥-—-ﬁmo )

T (4c)

oxp (—
while in the direction of weaker magnetic fields, it
behaves as

hwo— H \—'l:
(_(Do Iglp«o ) ) (4d)

T
In those cases in which the optical vibrations sepa-
rate into purely longitudinal and purely transverse,
the SMP oscillations of pyxx are brought about by
scattering from transverse optical phonons. In cor-
respondence with this, there will enter into all res-
onance conditions the quantity w,| —the limiting
frequency of long wave transverse optical vibra-
tions of the lattice.
Close to the value of the magnetic field
H = fiwy/ ’ g luo (we neglect the difference in the
limiting frequencies of longitudinal and transverse
optical phonons) p,, can have either a maximum
(in the limiting case of scattering only by optical
phonons and for Raman scattering, for example,
in the case (3.26)) or a minimum (see conditions
(3.28), (3.30)).
In case a) (see 3.26)) a maximum of p,, appears,
and its ratio to the background is
[ 22
opt.sp ac.sp

(4.1)

(25)5/2] e—hodT

(we recall that here T is the temperature in energy
units, that is, T = kgT°K).

In case b) (see (3.28), (3.30)) the value of the os-
cillating part of p,, relative to the background is

[ . "VE [ Ao Y/ﬂ hoc 2
I‘ac.spk r., T r

Inasmuch as

- Je-nor, (4.2)

opt.sp

Tac.sp T¢
Topt.sp 4T h(x)o

Fac.sp/FOpt.Sp = (4. 23.)
(where T, = hvsa.'1 ~ 1072 eV), the ratio of the first
component in (4.2) to the second is equal to

TRT'"

—————<<1 when T = 102eV,
(ﬁmo)%Vn< when eV

(4.3)
that is, in case b) py, has a minimum when the
magnetic field is H = hw0/| g 'yo.

The ratio Apyy ose/Pxx ©Of the oscillating part
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of the transverse magnetoresistance, brought about
by scattering from optical phonons with spin flip,

to the background brought about by acoustical scat-
(1]

tering,"*" is equal to
APxx osc — 1 ho. e—hodT (4.4)
Paxx Popt.sp T

On the other hand, if the background is brought
about by scattering from optical phonons without
spin flip, as is the case when pyxy satisfies the con-
dition

1 Ta (ﬁ@m !
s (4.42)

2
- —hw/T
T)e =1,

and p,, satisfies the condition
11, ( ﬁ(x)o

2
— e~holT —
20t T

/2
) ehoT > 1, (4.4b)

this ratio is equal to

Apxzose _ 1( hroo )"‘ ( ho. )2 fo (4.5)
Pxx 2 T T Topt.sp .
In the last case one can measure t/7,+ o, Sub-

stituting the limiting value t)/Topt. sp, We find that
the maximum value of the ratio (4.5) is

1 _E‘i)_‘f (ﬁ'mo >l/2 e—hodT
‘FOpt.sp T T

that is, it is of the same order as (4.4) when back-
ground is brought about by acoustical scattering.

For the longitudinal effect, the ratio of the oscil-
lating part to the background is

Aprzose 1.8 t0< hmc>2( Oc )‘/z
pzz/— o I‘opt.sp Ta _]‘;_ o ’
that is, it is of the same order as for the trans-
verse effects.

Under the conditions of experiment "3 for InSp,
the background of the magnetoresistance is brought
about by scattering by acoustical phonons
(ri{>1, I‘_le'ﬁ‘”j’r <« 1) and case b) is clearly re-
alized, although the question as to why the magneto-
phonon oscillation is a minimum and not a maxi-
mum in this case is not very clear. On the experi-
mental curve, the ratio of the oscillation to the
noise is about 20%. The value of Ap,, consists of
a slowly changing part Ap,, = p, and an oscil-
lating part Ap,, ogc.- Inasmuch as the real noise
EZZ =po t Z_p ~ 2p0,we have ZBZZ osc./pzz =10%.
Substituting in (4.2)

(4.6)

ho./T~9, T=~102eV, ho/T = 3, (4.6a)

we get

1/ Tac.sp = APz osc/ 50z = 2-10"2.  (4.6Db)
P
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Inasmuch as
1

ac.sp

d
Ey

)
_< h2/2ma?’
it follows from the experimental data that d/E,

~ 10, which is in excellent agreement with our es-
timates of the constant d in "3}, We note that the
possibility of obtaining Ta¢. sp from experiment
is brought about by the subtle interference effect
in the simultaneous scattering by acoustical and
optical phonons. The value of

1 1

Fopt.s': 10 I‘ac.sp

] (4.6¢)

~ 2-10-3 (4.6d)
and, in accord with (4.4), Apxx osc/Pxx under the
conditions of {17 is a quantity of the order of
several per cent.”

We note that in accordance with the results of
our theory, under the conditions in which the back-
ground is brought about by acoustical scattering,
the smallness of the transverse effects in compari-
son with the longitudinal is parametric and not nu-
merical, that is, relative to the parameter

@i\% Topt. sc

[( T rac;ﬂ—

The value of the g factor, which is determined
from the minimum on the p,, curve, is 56.

Thus, from experiments on measurement of
SMP oscillations of the magnetoresistance, it is
possible to obtain T3¢ gp, Topt. gp and the g fac-
tor. In principle, the g factor can be determined
from data on the splitting of the oscillation maxima
in the Shubnikov-deHaas effect. However, under ex-
perimental conditions (see, for example, [23]), the
diffuseness of the Landau levels as the result of
scattering causes the uncertainty in the determina-
tion of the g factor to be ~ 50%.

Thus it must be admitted that at the present
time SMPR is apparently the most convenient and
simplest method of determining a number of spin
characteristics of a solid.

Among these yet unexplained factors is why
p (H) = 2pg, and not 3p, as follows from (31 It is
likewise not clear why, under the conditions when
1/T'>1, pyz has a minimum and not a maximum
under conditions of magnetophonon resonance. It is
possible that this is connected with the approximate
character of the estimates in L3

")We have learned that I. M. Tsidil’kovskiY and his colleagues
succeeded in measuring the oscillation of pyy in regions of mag-
netic field H =to, / | g | . The amount of the oscillation was
~ 1% of the background [?2].

S. T. PAVLOYV and Yu.

A. FIRSOV

Finally, it should be noted that the present the-
ory gives the correct order of magnitude of the
quantities measured experimentally and in princi-
ple contains in itself the necessary data for the
determination of the shape of the oscillations of
Pzz-
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ERRATUM
(Published in JETP vol. 50, No. 2, February, 1966)

Formula (2.4) for the case n’ = 0 should read

dede’ e~¥T§ (e —e’ L K o dede’ /T §(e—e'— ho
Sxx | = Oo {S e : (e—e+ ’/wo_L ) 4 hodT 5 e de ’e (e—e ! 01)}
[e(E—IgIP'OH)]. [g (8_|gIPoH)]

so that the oscillating increment oy, doubles in value.

A more detailed analysis of formulas (3.22)—(3.24) shows that in the case of the mixed scattering
mechanism the maximum on the p,,(H) curve (case a) appears under more stringent conditions than
(3.24), namely

b [ hwg \Y 20 20 hwg \'s
- () <t

1l
>1, 5 1,
T) > I-'v:)pt.sp> I‘ac.sp T

The minimum of p,,(H) at resonance occurs if the sign of the middle inequality is reversed and in addi-
tion

1 <r1 (2?0)%-

I‘opt.sp ac.sp

The ratio of the SMPR oscillation to the last MPR oscillation at I ® 1 is of the order of
201(}iw0/T)1/2 Tyc.sp- Experiment with InSbt") gave for this ratio a value of the order of unity, as would
be the case if 1/T,, o ~ 107!, This value of 1/T3¢.sp. Seems somewhat too high to us.

The results do not depend on the sign of the g-factor.



