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Polarization of nuclear spins due to the passage of a strong current of hot electrons through a semi-
conductor located in strong crossed electric and magnetic field is considered. A set of kinetic equa-
tions, which are nonlinear with respect to the electric field, is solved for the interacting electrons
and nuclei in the Fokker-Planck approximation. Expressions are obtained for the induced polariza-
tion of nuclei as a function of the Mach number of the electron current for various mechanisms of
scattering of the momentum, energy and magnetization of the hot electrons.

1. Feher and Clark(] have shown that the flow of a
strong direct current in a semiconductor placed in
crossed electric and magnetic fields can lead to an ap-
preciable increase of the stationary magnetization of
the nuclear spins. This phenomenon is caused by the
fact that the mechanisms and the characteristic relaxa-
tion times of the momentum, energy, and magnetization
of a flux of hot electrons are in general different, and
this leads to a deviation of the spin degrees of freedom
of the electrons from equilibrium with their orbital
motion. The interaction of such a nonequilibrium dis-
tribution of the conduction electrons with the spins of
the nuclei leads to a deviation of the nuclear magneti-
zation from the thermodynamic-equilibrium value. This
deviation depends on the scattering mechanisms of the
momentum, energy, and magnetization of the hot elec-
trons and on the nuclear-spin relaxation mechanisms.

A theory of this effect, as applied to the case of high
conduction-electron density, when the decisive role in
their kinetics is played by interelectron collisions, was
constructed int2J. In the case of low concentrations it
is impossible in general, to use the effective values of
the kinetic and spin temperatures, and the nonequili-
brium distribution function of the hot electrons should
be obtained from a kinetic equation which is nonlinear
in the electric field and takes into account scattering
process with and without conservation of the spin
orientation.

We shall consider here an electron gas and strong
crossed electric (OE0) and magnetic (00H) fields, in-
teracting with acoustic phonons, impurities, and nu-
clear spins. The interelectron collisions are disre-
garded. The magnetic field is assumed to be strong in
the sense that wo, > @, where w, = eH/mc is the cy-
clotron frequency and @ is the average momentum-
scattering frequency of the electron flux. In this case
the kinetic equation for the conducting electrons is

oo =2} (1 — Pyovio) [Wepn (v’ |vo) + Wit (v |vo)
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Here fyg, Ng, ng, and Ny are respectively the distri-
bution functions of the conduction electrons, photons,
magnetic-impurity spins, and nuclear spins; Nj is the
concentration of the nonmagnetic impurities;
Pag(a, B) =(B, @) and UY(...|...) are the matrix
elements of the harmonic components of the scattering
potentials with wave vector q, the indices s, ph, i, d,
and n pertaining respectively to the conduction elec-
trons, phonons, nonmagnetic impurities, magnetic im-
purities, and nuclear spins; €yg = €y + 0Ag are the
eigenvalues of the kinetic-energy operator in the ab-
sence of an electric field; V = cE/H; o, 0’ = £1 are
the spin quantum numbers; £q = sq is the phonon fre-
quency, s is the speed of sound, and 244, s,n
= gd,s,n Mol are the Zeeman splittings for the spins of
the magnetic impurities, conduction electrons, and
nuclei (go—Bohr magneton, gj—spectroscopic splitting
factors).

The kinetic equation for the populations of the nu-
clear Zeeman sublevels are written in the form

No = 2 (1 - Puu') Wan(Vlall‘VO)_ (Nu - Noo)wnlv

Vo' v

N, exp(—oAn/T)
Moo= — N aw/T) (3)

N, is the concentration of the nuclear spins, wp/ is
the frequency of the relaxation of the magnetization of
the nuclei as a result of their interaction with the
lattice, and T is common temperature of the system
prior to turning on the electric field.

2. To find the stationary solutions of the system (1)
and (3), we represent the conduction-electron distribu-
tion function in the form

fvoe = f(evo) — 0AS (evo) 3f (evo) [ Oeve. (4)

The function S(€) corresponds to the saturation
parameter of the electron-paramagnetic-resonance
theory based on the concept of spin temperature, and
describes the deviation of the effective magnetic field
acting on the spins of the electron with energy € from
the value H. The expression for S(€) is determined
by the scattering mechanisms of the hot electrons in
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the semiconductor. The function S(€) can be related
with the fluctuation of the longitudinal magnetization
6M(€) of the electrons with energy e:

o 2
se=—i wo=—(2Yew ZH, O
g(e) is the state density of the conduction electrons.
The functions f(€) and S(€) can be obtained from the
system (1) and (3).

Multiplying (1) by 6(epg — €) and (¥a) poggod

X (€y0— - €), respectively, and summing over all the
quantum numbers, we obtain in the stationary state

wz%r q[ 1—cxp { (&ve — &vio’) %}:’ Z Wia(v'o'|vo) 8 (eve — &) = 0, ©
MZ\M[ c—o’ exp{(sw — &veor) a—i}] Wi (V6" |va) 8 (eve — £) = 0. -

The index i numbers here the interaction mechanisms.
In the case of small scattering inelasticity (which is
valid for all mechanisms considered in the present
paper) hQq/€ <1 and Ad, Apn/€ < 1, where € is
the average energy of the conduction electrons; expand-
ing the differential operators exp(€yg — €y/g’) 8/3€ in
powers of the operation (epg — €p’g’) 3/d¢€, we obtain
from (6) an equation for the differential energy balance
of the conduction electrons

J(e)E = P(e),
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are the densities of the dissipative conduction-electrons
currents due to different scattering mechanisms, the
total current being

j=§dsj(s), a2=:7};—.

P(¢) is the energy given up by the conduction electrons
with energy € per unit time in the inelastic scattering
by phonons (Pgph (€)), magnetic impurities (Pgq(e€)),

and nuclear spins (Pg,(€)), respectively:
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P(e) = Pypn(e) + Paa(e) + Pan(e), (13)
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In the expressions for the dissipative currents and the
power loss of the hot electrons, we have neglected the
contribution of the function S(€), assuming that
S(€)ag < €. Thus, the function f(€) is determined
directly from the differential equation (8). To find the
function S(€¢) we transform (7) in similar fashion; in
the lowest order in the inelasticity of the scattering
this yields
Z 0' - 0'

\J'G',’\'U,(I
Finally, from (3) we obtain the following expression for
the relative increase I* of the nuclear magnetization,
due to the interaction between the nuclei and the hot
electrons:

ZW‘I 0" |v6) b (eve — £) = 0. (17)

Ir=>3 owg/ > oNos,
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where
(19)

is the frequency of the relaxation of the nuclear mag-
netization on the hot electrons; we have introduced
above the notation

@ps{E) = 2ah135+

St S pu|Unnd(v'0 [v0) |2l =& fool 8(evior — evo
v'e’,vo,q
— (0’ —0)An + fg.V), a=1,2,3,
pr=0—0, p2=0(c—0), ps= (0—0)2
3. The system of equations (8), (17), and (18) is

valid both in quantizing magnetic field hw, > € and in
the classical regions hw, < €. We confine ourselves
here to the case hwo < T and w, > ®, when the quan-
tization of the orbital motion of the conduction electrons
can be neglected. We then have in the foregoing formu-
las (v, v’) = (p, p’), and €, = p*/2m. We furthermore
take into account the fact that the scattering by the
nuclear spins has little influence on the kinetics of the
conduction electrons. Then (8) takes the form

[af;z)+%f(ﬁ) I[1+

(;si(8)+ (;\d(s) B

Z)sph (e) -

@sa(e) %_}

wspn(€) msZe

(20)

:_5f(€) _ff[1+
de 3
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where @...(€) are the momentum-relaxation frequen-
cies of electrons with energy €, and B = cE/sH is the
Mach number of the electron beam. A similar equation
was obtained by Kazarinov and Skobov L, Writing down
the solution of this equation in the form

f(s)—Cexp{ a) }

de’ =
§ )]
(no is the concentration of the conduction electrons),
we get

C=n 1:8 deg(s)exp{ (21)

B? wsph(6)+<ﬂsz(e)+wsd(8) ]

msph(5)+ ﬁ)sd( )
To calculate the dependence of the frequencies
.(€) on the energies we take into account in formu-
las (9)--(12) only processes of scattering with conser-
vation of the spin orientation. Then

T(s)—T[i—{— (22)

|2~ qt'

|U.(p + ha, +[p, + (23)

where t' =1 and wsph(e) = wsph(e/T for acoustic
phonons, t’ =0 and Fgj gd(€) = Tgi, sa(e/T)¥? for
neutral and magnet1c impurities and t’ = —4 and Wgj (€)
= wgi(¢/T)7° % for ionized impurities. Here ... is
the momentum relaxation of frequency of electrons
with energy € = T.

From (17) we can now readily calculate the functions
S(€). In the case of scattering of conduction electrons
by phonons and nonmagnetic impurities, the matrix
elements of the interaction with spin flip, which enter
in this equation, are the result of the spin-orbit coup-
ling. The dependence of these matrix elements on the
momentum is determined by the crystal symmetry.

We shall assume that the extremum of the carrier
energy is situated at the center or on the border of the
Brillouin zone; then[

+ hq, +|p, ) |2 ~ [2p + hq + 2mV|*¢, (24)

where t =3 for acoustic phonons in crystals with in-
version center and t = 1 if there is no inversion center;
t = 2 for nonmagnetic impurities.

For scattering by magnetic impurities and nuclear
spins, we shall assume, as usual, that
U4, (p+hq, + |p, =) |? = const (contact interaction).

sd,sn
We then obtain from (17)

|U.%(p

g)—_ S‘S(S Th 8)/27‘11(5 (25)

where S;(€) and Tli(e) are the values of the function
S(€) and the time of longitudinal spin-lattice relaxa-
tion of the conduction electrons with energy € for the
i-th scattering mechanism. We present below expres-
sions obtained from (17) for Sj(€) and Tii(e€),

a) acoustic phonons:

rT
Spn(e) = y*p? t+3 —y3(t+ 1) (t+3) %2—1]

2p2 4pe
[H" 3(:+2)T(e)]’

Tiph(e) = Tiph(e/T) 272,

(26)
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b) nonmagnetic impurities:

Si(e) = ¥BE+4) /3, Tui(e) = Tut(e) Tyesoy (2D)
¢) magnetic impurities:
AaT T () 4, i & G (28)
s =—[HF-1] me=Ti(%)"
Here T,,.. are the values of the longitudinal spin-
lattice relaxation times T,...(€) for € = T;

y = (ms?/2¢)2

4, By calculating the integrals encountered in
formula (18), with the exception of the integrals with
respect to the energy, we obtain an explicit expression
for the nuclear polarization I* in terms of the obtained
functions f(e€) and S(e€):

r M(S def(e)e > 1°§ def(e)e

one(E) + on
f A . ., N T Wnl 29
1 [S‘e) 3 VP ]fT(e) o ® ton %)
(\)ns(E)=ﬁ)ns(O) <%>IIZS f(e)EdS/ S f(E)EIIZdS. (30)
0 0

Formulas (29) and (30) determine the change of the
nuclear magnetization and of the frequency of the hy-
perfine relaxation of the nuclear spins in the presence
of a strong current of hot electrons.

Let us consider the case when the energy of the hot
electrons is scattered by acoustic phonons and the mo-
mentum is scattered by phonons and neutral impurities.
Then

T(e)

B2 Duph + i
=T"=1 + -
T 3 W®sph (31)
A. The magnetization of the electron current relaxes
on nonmagnetic impurities. Then

1[1_As?ﬁzt+2]
T A T" 3

@ns (0) T*
Wns (0) " + Wnl
. y=(ms2/2T)"%.

I"'=

®n!

+ 0ns(0) T+ 0
when the magnetic moments of the nuclei and of the
electrons are positive, the relative nuclear polariza-
tion first decreases like B?, after which it reverses
sign and reaches a maximum absolute value

(32)

‘Dsph

L ~ 2252 ©ns(0) (33)
An 0si+ meph mns(0)+ Wnl
at electron-current Mach numbers of the order of
_(l)sph
ﬁ?iax ~ T
0si + Wsph (34)

and then begins to decrease in absolute magnitude like
B2 at wpg > wnl and like B-; at wpg < wp; (see the
figure, case a).

B. The magnetization of the electron current re-
laxes on acoustic phonons. Then

1 ¥R t—1 W1
1 =F{1_E[T"-— V(E+1) ¢+ 3)nh —

2B2 t 41 ©0ns(0) T o 35
( +—t+2>]} 0ns ()T 4 0 0rs(0) T+ ot (35)

If y(og + wsph)/wsph < 1, the main contribution to
the polarization is made by the first term in the square
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bracket of (35), and then I* behaves, at Mach numbers
that are not too large, just as in the case of impurity
spin scattering. At low temperatures, the electron
momentum is scattered principally by impurities, so
that the inverse inequality 7(W@gj + Bgph)/@gph > 1
may be satisfied. Then the main contribution to the
polarization of the nuclei is made by the second term
in the square bracket of (35). I* first increases like
A%, and then reaches a maximum at Bmax (34), with
As - wns (0)

A—nV _w715(0)+m;' (36)
With further increase of the Mach number, I* decreases
like B-; if wpg > wpy, and tends to a constant limit

*
Imax ~

As - 3(T)sph (Dns(o)

- Aj (J;si Onl ’
if wpg < wpy (case b in the figure).
C. The magnetization of the electron beam relaxes
on magnetic impurities. In this case

Wns(0) T
(Dns(o) T + on

WOnl

0ns(0) T + @

r=gli+gia—n] —.(37)
The relative polarization of the nuclei increase for
small B like 8% when B> Bmax as given by formula
(34), I* tends to a constant value ~Aq/Ap if wpg
> wpl, and increases in proportion to B if wpg < wpl
(case c in the figure).

Finally, let us consider the case when the energy of

!
7 [

Relative increase of nuclear polarization as a function of the Mach
number of the current of hot electrons. a, a'— case of relaxation of
magnetization of the hot electrons on nonmagnetic impurities. b, b’— on
acoustic phonons, ¢, ¢'— on magnetic impurities; a, b, ¢ — the electron
energy relaxes on acoustic phonons and the momentum on phonons and
neutral impurities; a’, b}, ¢’ — the same for acoustic phonons and ionized
impurities. The solid curves correspond to predominance of the hyper-
fine interaction in the relaxation of the nuclear spins, and the dashed
lines correspond to predominance of the spin-lattice interaction.
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the hot electrons relaxes on acoustic phonons, and the
momentum relaxes on ionized impurities.

T(e)= T[1+izi“—(i>¥z] .

wspn VT
When 75 8°@gi/@gph < 1, the relative polarization I*
of the nuclei varies like & for all the electron-mag-
netization relaxation mechanisms. When 7; 8@/ asph
> 1 we have

(38)

T'(%/s) /f;_) o g (39)
2 \ ®sph
and the absolute value of I* is determined by the
following expressions (we have written out the formu-
las for the case wng > wp] only, when hyperfine inter-
action is the main mechanism of nuclear-spin relaxa-
tion).
A’. The electron magnetization relaxes on nonmag-
netic impurities. Then
L _E—z Dsph " Y
I~ AnY < Osi ) P
B’. The electron magnetization relaxes on acoustic
phonons and ywgj/@gph > 1. Then

Aa = (‘:)sph '
I' ~ — 3(*—N— ﬁ
AnY W®si >
C’. The electron magnetization relaxes on magnetic
impurities. Then

Wns (E) = (Ons(o)

(40)

(41)

I" ~ Aq/ A (42)

When wpg(E) < wpj, the expressions (40) —(42)
must be multiplied by wpg(E)/wpi, where wpg(E) is
given by (39). The dependence of the relative polariza-
tion of the nuclei on the Mach number for the case un-
der consideration is shown in the figure, cases a) b),
and c).

Let us estimate the order of magnitude of the nu-
clear polarization for the case of n-InSb at helium
temperatures. Under these conditions, the momentum
of the electron current relaxes on the impurities; as-
suming that the relaxation of the energy is due to
scattering by acoustic phonons, we have wgij/w sph
~ 10—10°% The parameter y equals under these con-
ditions ~107%; for the nuclei In"'®, Sb'®, and Sb*® we
have Ag/Ap ~ 10° Thus, when wpg > wp] the maxi-
mum polarization of the nuclei is I* . ~ 10—10° in
scattering of the electron magnetization by nonmag-
netic impurities, and I* 5% ~ 10? in the scattering of
the spin by acoustic phonons. On the other hand, if the
fluctuation of the spin of the electron current relaxes
on magnetic impurities, then I*pax ~ 10* (it is as-
sumed that gq ~ 2). According to (34), these values of
the nuclear polarization are obtained at relatively
small values of the Mach number of the current of hot
electrons, 8~ 107". In magnetic fields H ~ 10° Oe,
this corresponds to an electric field intensity
E ~ 10 V/cm.

The greatest nuclear polarization corresponds for
the mechanisms under consideration to the case of
relaxation of electron spins on magnetic impurities.

In our calculation, however, we did not take into ac-
count the finite relaxation time of the impurity fluctua-
tions due to impurity interaction with the lattice. Al-
lowance for this fact leads to a decrease in the nuclear
polarization; the stronger the deviation of the impurity
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