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wherepc, = c,~+ 0~/40~,

j/~~2\_ I dx(x—xo)e~’ I 2a24@~b_(fl/T)2

‘NT) J x(ex_1)2 ~Vx 4(x—xo)b

b=fl2/T2, xc,=co/T, a=m/T.

For

e
0/T4 0~/40~T4 1

I(vo/T) ln(vo/T).

4.2. Field absorptionin ferromagnets

We will passover to the discussionof the problemsrelated to the employment of the kinetic
equations (2.49) for the calculation of the imaginary part of the high-frequency magnetic susceptibility

x”. As before we will give only the resultsconcerningthe nonresonanceparallel pumping for fir ~- 1.
The field energy absorbed per unit time is calculated as TS whereS is thederivative with respect to

the timefrom the entropyS of the nonequilibriummagnongas

S= ~{(1+f,,)ln(1+f,,)—f,, lnf,,}.

For the magnitudex” thereis a relation

(4.10)

Thus, for calculating x”~ it is necessary,firstly, to find the nonequilibriumdistribution function of
magnons satisfying the corresponding kinetic equation and, secondly, to calculate the integral entering
the expression (4.10). A problem like this has not yet been solved completely, though for the
single-quantum or even multiquantum case [70] when it is sufficient to be confined only to the linear
approximationwith respect to the introduced power, calculationsof this kind were carried out in
[66,68] for ferromagnets,andfor antiferromagnetsin [69].

Let us startfrom the single-quantumcase(4.1). In a pure (without impurities) ferromagnet,as has
been statedabove, the main contributionto the field absorptionis madeby triple magnon—magnon
interactions[66]. Their correspondingimaginary part of the high-frequencymagnetic susceptibilityis
equalto

~ (~1’~f0\
2(T\(T\ ‘—-003 (411

X 23rr2vc,fl ~, 0~I \,co)\,
9j’ P .

for M0 4H, T ~‘ cc, ~ fi. The numericalestimates[66] of this magnitudeindicatethat for jiM0 ‘~ 0.1 K,
— 2K, T — 300K, 0~ 500K, fi — iO~sec~,x” -‘-‘ iO~.Such an absorptioncan, evidently,be easily
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observedexperimentally,though, we do not know as yet any experimentalworks devotedto this
problem.

We will now passover to the discussionof the magnon—impurity collisions. Since the interaction
constantU can be in its orderof magnitudeof the exchangeenergy,we can expectin thiscasea greater
value of absorption. In the single-quantumlimit in the area of applicability of the result (4.11) the
magnitudex” due to the magnon—impurityscatteringsis equalto [68]

,, 1 (ji
2flj\ (4ITjiMo~(U\2 (T 412

X 16IT2~fi )~ o~ )~&) ~ ‘ (. )

Still greaterabsorptiontakesplacein the multiquantumlimit [70].The “rate of energyaccumulationby
the magnon”,i.e. the valueof energyabsorbedperunit time by theunit volume 0 is calculableonly in
the multiquantumcaseunder the condition that fi 4 jiho 4 cc, [70]. At sufficiently high temperature,
T ~-~‘ cc,, we have

0 (n~Vo)(I) (~ii~) (jiho)2 (4.13)

4.3. Nonresonanceparallel pumpingin the conditionsofparametric resonance

We will discusshere the resultspertainedto the caseof 12 > 2cc,, i.e. to the situationwherean
externalfield quantumcan createtwo magnons.However, we will dwell on the situationunderwhich
precisely the main channel of magnoncreationis provided by the nonresonanceprocessesthat are
guaranteedby the alternatingmagneticfield effect on the elementaryactsof magnoninteractions.

Let us assumethat a ferromagnetis availablewhosemagnon—impurityscatteringsareessential.We
will estimatethentheprobability of creationof two magnons“via impurity”, for example,in thecaseof
single-quantumprocesses.The estimationsmadebelow are rather crude and necessaryonly for the
explanationwhy during parametricresonance,in a number of cases,one may neglect the purely
resonanceexcitation of spin wavesand consideronly the nonresonanceprocesses.As is evident from
the Hamiltonian (2.46), the probability of creationof two magnons via the impurity is proportional to

(jihc,/fi)2 U2N
1

whereN~is the numberof impuritiesper elementarycell. The probability of creationof two magnons
due to the direct resonanceaction of the field is proportional to (jiho)

2. Thus, if, for example,
12 —— lO~sec~’and U -~-‘ 1013 sec1 [132], it may be expected that with N

1> iO~~the nonresonance
processes of creation of magnons are the principal ones. Indeed, as was shown in [68],the condition in
questionis morerigorousandtakeson the form of

Ia Jfl._’., \3/2
I”c i’~ Ec,~

(n~vc,)~—~2cc, ) >20,

i.e. the conditionis definednot only by the concentrationof impurities n1, but alsoby the width of the
sourceof nonequilibratyby the magnitude(fi — 2cc,).

In the casewhen the main mechanismof spin waves scattering is governedby the chaotically
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arrangeddislocations,the magnonpumpingtakes,in the main, the nonresonanceway [68]when

p
3 ~2 ,fl.,’~ ‘~7/2

( j.2\ ‘~ i~ £oj in2
~fldL’ ) a3!2 1/2 ( ~ . 11J

Vc, ~ic £o \ ~Ec,

If the relativewidth of the sourceof nonequilibraty(12 — 2co)/2co>0.1, then the specifiedinequality is
attainedbeginningwith nd -~ 108cm~2,R --‘ i0~cm, b —-‘ 102a, 0~—-‘ 500 K. It shouldalsobe stressedthat
the resonancemechanism[96] of the spin waves pumping is of threshold character,which, too,
distinguishesit from the nonresonanceone. And, lastly, the characterof the arising nonequilibrium
statesin both casesis different.The parametricresonanceleadsto the magnonpumpingin the region
with energywidth in the order of r;1 near fl12, whereasthe nonresonancecreation of magnons
developsin the interval (co, fi — cc,) whichexactly is determinedby the notion of “width of the source”
adoptedabove.

We will furnish now the results of the calculation of the imaginary part of the high-frequency
magneticsusceptibility.In contrastto the example of fl <2cc, studiedin section4.2, it is of practical
valueto survey only the single-quantumprocesses.This is connectedwith the fact that ordinarily when
the value of the constantmagneticfield H is of the orderof or more than 1 kOe and,consequently,

~ 10~°sec~,for obtaining the inequality ,ahc,>fi (jihc, > 2co) experimentally, the following am-
plitudesof the alternatingmagneticfield areneeded:h

0~ i0~Oe.High-frequencymagneticfields of this
amplitude,at leastcurrently, areratherexotic.

The value of x” stemmingfrom the processesof type fi —~ 6~~+ £k’ which developin the impurities, is
equalto [68]

,, 2~’i fj.c
2\U2m2

x — -~-- (n~vo)~ ~ Ii(xc,, cv) (4.14)

wherex
0 = cc,/T, w = fi/T, ~ 10_I,

i — o,_XO x\/(xxo)(wxc,x)

i(xo,w)— ~ X~2(x1)(~~xl).

At roomtemperatureswhenf 4 T we have

,, — fji
2\ fU’\2 (4ITjiM

0)
2 T (fi — 2co)2

x — ~ (n~vo) ~~flvc,) ~o~) f0~ co c~2(fl— cc,)312~ ( .15)

For the caseof chaoticallyarrangeddislocationrings we obtainthe following result

— 16~ b2R3 (i~_\(4irjiM
0)

2 T2
x — 35 nd vc, ~~vofl) f0~

2(xo,w) (4.16)

where
x(x — xc,)

312 (w — xc, —

1
2(xo,w) j dX(wx)2(ex1)(e~_x1)~
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The magnitude(4.16)can beestimatedat T ~‘ fi. Then

= 24~~~1(ndb2) (~-~) (J~_)(~M)2T’~[fi2 + 4flc
0— 4c~— 12]. (4.17)

35 vo v0fl 0. 0~fi 4Vcc,(fl— cc,)

Even with not too strong concentrations of dislocations n~,the value of x” due to the nonresonance
pumping may be rather big. For example, for tid -— 108 cm~

2, R —— i0~cm, b —— 102a, 0~,— 500 K,
fi — 2cc,— 2c

0 the valueof x” 10_1_10_2.
The energyabsorptionof the alternating field producesnonequilibriumstatesin the system of

magnons which are characterized by the excessivenumberof quasiparticles(magnons)as comparedto
the equilibrium state. This, in its turn, determineskinetic and thermodynamicparametersof the
nonequilibriumferromagnet.In particular,the nonequilibriumincreasein the numberof spinwaves,as
follows from formula (4.2), decreasesthe magnetizationof the sample [68] under nonresonance
pumpingof spin waves.Herearesomeresultsconcerningthe changein the magnetization3M

The kinetic equation for the zeroth harmonic of the isotropic part of the magnon distribution
function f,, for Mc, 4H including the nonresonancecreationof magnons(f > 2co) under the parallel
pumpingproceedingfrom (2.46) acquiresthe form

= ~i(n~vo)U
2m2(~ll)2 \/~1cc, (1+ f

6 + fç~8)0(fi - co - c) + I�{f} + ~E{J~, (4.18)

where ~ 10_i, 16{f} is the source of nonequilibraty describingthe processesof redistribution of
magnonsunderthe action of the field and coinciding in its form with the right-handside of equation
(4.5), ~{f} stands,as before,for the usual collision integrals for magnons.

In [68] eq. (4.18) for the stationary case was studied in the r-approximation for the collision integral
,~{f}and as a result the following expressionwas obtained for 3M for small departuresfrom
equilibrium (fi, c~,< T)

= ~ U
2m2(p~h~2(T”~ (fi — 2cc,)2 ~ + iT. (4.19)

Mc, 4IT r~10~\ fi I \fiI fi\./co(fl — cc,) l4co(fl — cc,) J

The suppressionof magnetizationin a ferromagnethaving dislocationsis describedby the formula
(T>>fl>2cc,)

3M — 8ir2~i b2 ~ (jiM\2 (jjjzc,\2 ~ (T\ (fi — 2eo)2

Mc, - 70 (tid ) ~ vc,) ~ 0~) ~ ( r) ~co) c~2(fl — co)3120~

< {(fl — 2co)2 [fl~ 2(11 — co)soL_ ~ + [fi + 4\/co(fl — co)]}. (4.20)

Similar phenomenamayalso be developedin antiferromagnets.However, for this casethe situation
of fi > 2LI

1 (weremind that LI1 is the activationenergy of low-frequency magnons) has been analyzed so
far only with allowancefor the parametricallyresonanceprocesses. We will furnish below the results
concerning antiferromagnetswith magnetic anisotropy of the “light plane”-type for which the
equations given in section 2.4 are valid.
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4.4. Mechanismsof absorptionof a nonresonancefield in antiferromagnets

Similarly to the previoussections, we will restrict our discussionto single-quantumprocesses
changingover in eq. (2.49) to the limit of ,u.hc,4 11.

The basic processesthat control kinetic and relaxationphenomenain an antiferromagnetwith
magneticanisotropyof the “light-plane” type,havebeenstudiedin section2.4. Herewe will supply the
results [69] enabling comparisonof the effectivenessof various elementaryprocessesfor magnons
during the absorptionof the nonresonancealternatingmagneticfield (fi <2LI i). Let us rememberthat
the energyabsorptionof the field is characterizedby theimaginary part of thehigh-frequencymagnetic
susceptibilityx”. Taking into accountthe structureof the kinetic equation(2.49), the expressionfor x”
can be representedas a sum

,, ,, ,,
X X2s+X4s+Xsp+Xi+Xd

where each of the terms describesthe contributions due to triple, quadruplemagnon—magnon,
magnon—phonon,magnon—impurityinteractions,magnonscatteringon dislocations.

For triple magnon—magnoninteractionswe obtainthe result [69]

~ / 2~ / ~ / ~2 / U\2 IT’\ sA ~6 ,‘r~2
— I ( ji \l~01l°-’H\

1ji11\ 11 ~(~2\ ~‘ ~ ~ 421
~ \~0N) ~\0N)’.LIi) ~~j1) ~ 1~

whereJo is the constantof the homogeneousexchangeinteraction,

31 = LI1/T, B = LI~/2LI~,wH= /x(2H+HD),

~(3 $) = J dx exp( $x) {(x + Vx2 - 3~)4exp~Vx2- 8~)- (x - Vx2 - 3~)4exp(_pVx2-

Expression(4.21) is obtainedin the approximation T— LI1 4LI2 which is attainableexperimentally.
Undertheseconditions,as can easilybe seen,the function ~ is exponentiallysmall.

The effect of nonresonanceparallelpumpingon the quadruplemagnon—magnoninteractionsyields
the following value in the orderof magnitude(T — LI ~)

/ 2~ ,1’.2,A ~4, ‘~2
I ~ \I’0’~ j~’1~ ~WHX4s 7~)I ~ I~ I a
~Vc,~&, \VN/ \VN/ \UN ‘~N

Magnon—magnonprocessesdeterminethe single-quantumabsorption of the field which can be
describedby the imaginarypart of the high-frequencysusceptibilityof the type

,, 208 fji
2\fJc,\2fB\2fw~\fw~\fT\

Xsp — ~ 2 n a I I a a I a I a A(3
1) (4.23)

..‘IT \VO~1L/\
t1N/ \I’N/ \~1NJ \~1D/ \L1F/

whereB is the magnetostriction constant, 0F = pvoc2, p is the density of the matter, c is the sound
velocity,
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A(31)= dxe~Vx2_3~{x cth x - 2}.

Whenanalyzingthe spin wavesscatteringon the impuritiesin antiferromagnets,two mechanismsare
normally distinguished.The first one,which can be termedasan exchangedone,is due to the fact that
exchangeinteractionin a samplewith impurity maybe representedas [133]

{I+I’vo~ 3(T_Ta)}M1M2

where ra are impurity coordinates,I is the dimensionlessconstantof homogeneousexchange,andM1
and M2 are magnetizationsof sublattices.The other mechanism,which may be termed as a striction
one,consistsin magnonscatteringon the field of deformationsproducedby the impurity in the lattice.

For the contributionto x” from the magnonscatteringon impuritieswe obtain[69] the expression

‘~ 2 / 2()~ / I ‘~2 / D~2 /bilK ~/2 ~~(J0\ I’-’ \ jWH~ ~

X~= 135ir2 iii ~y2) ~~j) ~~j) I,j) L.I..01

where K = (1 + cr)/(1 — o-), ci- is the Poissoncoefficient,B = 4Mc,
2A

3vc,,A3 is the magnetostriction constant,

— Fdxx2_3O
( ~)—j x~(ex~1)

2
5i

Magnon scatteringon dislocationsplays an essentialrole in the relaxationprocessesin antifer-
romagnetswith the magneticanisotropyof the “light plane”-type [129]. In a variety of casesit is
magnon-dislocationinteractionsthat determinethe effectivedampingof spin waves.Theseinteractions
certainly play a significant part as the mechanismof stochastizationof magnonsunder nonresonance
parallelpumping.

In the modelof chaoticallydistributedring dislocationsfor the contributionto x” we have[69]

/ I ‘~2,D~2 / ‘. / 2ç~ il,~2D3
“ “ I~’°\I’-’ ~jjiI~ ~‘~‘‘ ~-~—C’3 425

Xd — ~ tid~~) ~‘j) ~ON) \,vc,T) ~) a “ ~

where

= 13(y2_ 1)(2y2_ 3)+ 2,72 = ~/(A+ 2i~),

A, ,~arethe Lame coefficients.
For the antiferromagnetMnCO

3, beginningwith very low concentrationstid -‘- 108 and b/a -‘- 3÷10,
R -—- i0~cm, x” — iO~÷10_2. For the increasedconcentrationswhen nd — 10°÷1010, the value of x~
amountsto the values observedduring parametricresonance.As for absorptionin an ideal (without
defects)antiferromagnet,thevaluesof x” areessentiallysmallerthanthosefor aferromagnet(section4.2).
This may be attributed to the fact that, firstly, the interaction with the nonresonancefield in an
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antiferromagnetis weakerthanin aferromagnetand,secondly,antiferromagnetsareordinarilystudiedat
lower temperatures.

4.5. Dampingof ultrasoundin nonequilibriumantiferromagnets

In this section we will supply an examplewhere the high-frequencymagneticfield (fir ~ 1) can
changeradically the kinetic propertiesof phononsinteractingwith magnonsin the antiferromagnet
having the magnetic anisotropy of the ~‘light-plane”type. We will demonstrate that in the antifer-
romagnets in which the sound velocity c exceedsthe spin wave velocity s with the nonresonance
alternating magnetic field applied parallel to the constant field (12> 2LI, LI LI1), the phonon damping
due to the phonon—magnoninteractions can be negative [134]. In other words, amplification of
ultrasoundphononsis perceivableundernonresonanceparallelpumping.

It is well-known [91] that in antiferromagnets of the light-plane type the sound damping with the
frequency wq > 2LI (where Wq = cq) assumingthat c > s (let us rememberthat the spin wave velocity
enters the magnon spectrum in the following fashion, ck = \/LI

2+ (sk)2)stems only from phonon—phonon
interactions.It is attributed to the fact that the magnon—phononprocessesof the type Wq 4 £k + £q_k

are forbidden by the laws of energy conservation (wq <2LI) and as for the processes of the type
±c~—~cq±k,the laws of energy and momentum conservationare incompatible becauseof the

condition c > s (MnCO
3is an exampleof such an antiferromagnet).

The impactof the externalalternatingmagneticfield (for fir ~‘ 1, r is the magnon relaxation time)
manifests itself in the development of new processes in which the external field quanta participate
(section2.4). In the single-quantumapproximationsuch impact on the magnon—phononinteractions
consists in the development of processes of the type Wq ±12 ~ £k + £q_k andw~+ £k ±11 ~£q±k. Note
that if 12 <2LI and Wq <2LI, processes of the type CUg ±fi* £k + £q_k and Wq + Ek + fi* Eq±k are
forbidden, whereasthe processWq + dc — 1-1 ~ dq+k mayresult in dampingotherthanzero evenon the
conditionthat c> s.

In the situation when the external nonresonance (fi > 2LI) alternating magnetic field applied parallel
to the constant field lying in the basal plane of the crystal, the equation for the phonon damping
coefficient (qi ~ 1) of the type below follows from the kinetic equationfor the phonon distribution
function which is written similarly to the one for magnons (see section 2.4)

aq = 4ir ~ ~ ço(q,p, p + q)I
2 I2n(Ap,p+q) (fp — f,,+q) 3(c,,±g— c,, — Wq + nfl) (4.26)

where p(q,p, p + q) is the amplitudeof the magnon—phononinteractions,

jihowH LL_I

p,p±q ~

\dp+q E~p

Further on we will analyze the single-quantum limit A 4 1 (though jiho ~ 12 is also possible). Wewill
remark here also that in the external field square approximation the equilibrium distribution functions
for magnonsmust be substituted in expression (4.26), the phonon damping at the expenseof
magnon—phononprocessesbeingdeterminedonly by (4.26) (certainly on thecondition that wq

The expressionfor dampingis simplified to the following typeunderthe abovecited conditions
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1
2Q2 2 a / 1, \2 (fl_ \2

— JO.’-’ (UHVD ~/irtc, \ i yL COg) 4 27aq — 25ITOFO~i ~ J d c2(c+ Wq — fl)2 — S±6~q~fl

where

a~<l.

Thisexpressionis valid if a2w~> (fi — wq)2, which definesthe interval of phononenergiesat which the
processin questionis permittedby the laws of energyandmomentumconservation:

fl(1 + a)~1<COg <fl(1 —

As is evidentfrom expression(4.27) within the interval of phononenergiesfl(1 + a)~1< w~<fi the
magnitudeaq is negative, while within the interval 12 < COg <fi(1 — a)1, ag >0. The changeof sign of
aq takes place at the point coq = fi.

When Wq~fi <LI <T andfi(1 + a)~’<Wq <fi in the orderof magnitudewe have[134]

222 2 3
— Jc,B COR (Oo\

1jxho~(fl—w) T 2j 0
aq — 2

3ITOFO~~ ~T) LI5 ~

where

= e~q°~— e~q°y+ ~j(eq°~ + e~q°~),

e~is the vector of phonon polarization, q°= q/q, ~ is the ratio of the striction constants.
So, we seethat nonresonanceparallelpumpingmayresult in the effect of soundamplification if the

abovementionedconditionsaresatisfiedand aql >
7~h(7~h is the total sound damping in respect of all

possible mechanisms). In the case of fi — COg awq we get

aq = ~ (~2)2 p
2(q°) ~ exp{_awqLI/T\/a2w~—(11—Wq)2}. (4.28)

In conclusion,we will provide numericalestimates.For example,for jihc, — fl -—- LI, B T — 1—10 K,

ODI0N -—- 3, also for COq ~- fi . 0.75, aqi ‘-— i0~—i0~sec1 which under the given conditionsis muchbigger
than at leastthe dampingcausedby the phononanharmonisms.Note that the effect describedhereis
largely analogousto the onesurveyedin section3.3.

5. Kineticsof bosonsinteracting with electrons in a strong constant electric field

As hasalreadybeensaidin section2.5, the impactof a strongconstantelectric field on the electron
and bosonsinteractingwith them (phonons,magnons,plasmons)is far more complicatedthan it is
inferredfrom a usual kinetic equationof the Boltzmanntype. Electric field affectselectronsnot only
betweencollisions, but alsoduring their interactionwith otherquasiparticles.The latter consideration
that haslong beenignoredin the studiescoveringkinetics in a strongelectricfield, can play an essential
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part while investigatingthe peculiaritiesof nonequilibriumstates.The thing is that for the time of
interaction of the electronwith someother quasiparticlethe electronchangesits stateappreciably
becauseof the accelerationin the field. Evenif the energyacquiredby the electronin the field for the
time of interactionis muchsmallerthanits changein the energyowing to the emission(absorption)of,
say,a phononor a magnon,all the same,the accounttakenof the explicit dependenceof the collision
integrals(2.54) and(2.55) on the field is essential.And such an accountdoesnot imply very often only
small correctionsfor thealreadyknowneffects.For the sakeof illustration we may supply the following
example.Let someprocesswith the electronparticipatingin it beforbiddenin the absenceof the field
dueto the incompatibility of the laws of energyandmomentumconservation.Thevery law of energy
concentrationof the interacting quasiparticlesis the consequenceof the assumption about the
instantaneouscharacterof the interaction.It is for this reasonthat the collision integralswhich appear
while constructingthe theory in the secondorderof the perturbationtheory with respectto interaction,
containthe corresponding3-functions.In the absenceof the field such an approximationis justifiable in
thosecaseswhenthe wideningof energycausedby the interactionitself can be neglected.Otherwise,as
is known, insteadof 3-functions thereappearLorenz’s functions.The effect involving the wideningwill
not be consideredhereassumingthat theyarenegligibly small. We will studyonly thefield impact.The
electric field affecting the process of interaction, as is clear, for example, from the equations (2.54) and
(2.55), permits only those processesthat could be forbiddenwithout field. In the situation like this,
certainly,evenavery weak field plays acardinalrole in the kinetics involving the “forbidden” processes
anddefinesthe possibilityof the kineticprocessesthemselves.

Unfortunately,in view of the complexityof the kinetic equations(2.54) and(2.55), thereis not any
possibility as yet of studying consistently the properties determined by electrons. Wemean here such
propertiesas the phenomenonof transport,high-frequencyeffects, etc. The theory still lacksa serious
studyof “electronic effects” in wide-bandsemiconductors.The problemof investigatingthe electronic
propertieslies mainly in the determinationof the nonequilibriumdistribution function satisfying an
equationof the type (2.54). However, as for the kinetic propertiesof phonons[56,57] andmagnons
[57], a number of basic conclusionscan be madewithout having to solve the kinetic equationfor
electrons.

In this sectionwe will tackle only one problem, namely, the conditions of instability of acoustic,
optical phonons,magnonsinteractingwith electronsunder a strong constantelectric field. It will be
demonstratedthat owing to the impact of the electric field on the interactionsfor the time of their
duration, a new type of instability is possible which, regardingits physical mechanism,is close to
instability with respect to the Ginzburg—Frank transition emission (see, for example, [135]).We will
showthat such non-Cherenkovianmechanismof instability may prove to be much moreeffectivethan
the Vavilov—Cherenkov mechanismduring the amplification of sound waves, of the flux of optical
phonons,of spin waves.

The resultspresentedbelow will pertain, as before, only to the casewhen one can neglect the
interbandtunnelling of electrons [31] and the effect of Stark’s quantization [51]. For wide-band
conductors these two effects are usually realized at “superhigh” intensities of the electric field
(E> 105_106V/cm). As for the effect of accelerationof electronsfor the time of interactions,it can be
substantial,as hasbeenstated,for any, evensmall, value of the field.

5.1. Instability ofacousticphononsin semiconductorsand semimetals

As is well-known, the analysisof the conditions for instability is basedon the calculation of the
correspondingcoefficient of damping.Let us seehowthe effectof electronicaccelerationfor thetime of
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its interactionwith a phononandthe effect of time nonlocalitiesof theseinteractionsinfluencethe sign
of this magnitude.

According to the kinetic equationfor plasmons(2.54), the phonondampingYq maybe represented
by

7q = M(q)I2 ~ J dr e~(fp±eE~-q— f,,+eE~)cos[(c,,_q — ~p+ COq)T — ~ T~] (5.1)

whereM(q), for example,in the modelof deformationinteraction,is equalto

A\./q/Vps;

hereA is the deformationpotentialconstant,V is the volume of the system,andp is the density.
Whencalculatingthe damping,it is convenientto makea formal substitutionin the expression(5.1):

p + eEr—* p. As can be checkedeasily, in the cosineargumentthe sign of the electric field volume E
changesto the opposite.The main problemnow is to choosethe form of the, generallyspeaking,
nonequilibriumdistribution function of electronsf,,. In the presentsection we will first consider the
weak field limit, in particular,

~imeIE~’ (5.2)

wherep = mv, t3 is the meanelectronvelocity.
For choosingthe model of the distribution function f,, in the weak field limit, we will makethe

following simplifying assumptions.Firstly, we will assumethat we deal with the steadyregime(t ~‘ rc,,

seesection2.5) andthereforeneglectthe nonlocality in respectof the explicit dependenceof functions
f. We will alsoassumethat the collisions of electronswith eachotherarethe most frequentones.Since
owing to the law of momentaconservationof electronsduring the electron—electroncollisions,the field
drops out explicitly from the kernels of the electron—electroncollision integral, the zeroth ap-
proximation is the quasi-equilibriumdistribution function with the drift velocity u [56]. One may
presumeherethat the valueof the drift velocity is determinedthrough the electron—impuritycollision
integral.Assumptionslike thesearenot necessaryif the field under studyis a pulsedonewith the pulse
duration rp satisfyingthe inequality

r ~ rp ~ CO

wherer is the electronic relaxation time. Underthe given conditionthe field for the phononsmay be
regardedas constant(r~~ cv~),on the other hand, for the time r~(r ~‘ r~)the quasi-equilibrium
distribution of electronsdoesnot manageto vary. This signifies that one mayusethe equilibrium form
of the distributionfunction whencalculating(5.1). Actually, as will be seenbelow, the phonondamping
dependentof the electric field impact on the elementaryactsof the electron—phononinteractionsis
weaklysensitiveto the form of the functionf,, andthe conditionof nonequilibratyis definednot by the
value of the drift velocity, but explicitly by the magnitude and the direction of the electric field.

We will first analyze the degeneratecase. After integrating in (5.1), the result for ‘yq can be
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represented by the difference of two expressions of the same kind containingthe functions 2~and ‘~J~
akin to the Fresnel integrals [57]

yq~~IM(q) ~—[A+—A~],

A±= (pg—K~)[j’I~(po K±)I2 II~(—po—K±)2]

— ~ Im{(po + K±)~i(po — K±) + (po— K±) ~j(pc, —

- J [~~(pc, — K±) + ~i(pc, — K±)]dp}, (5.3)

~(x) = J ei~2 dt, ~
1(x)= e~~

212 e~”2dt,

q , ~
\/2meEq 2 \q

Po is the Fermi momentum.
The result (5.3) is rather complicated for the analysis, however, it may be simplified [57] in the weak

field limit. As is evident from (5.2) and (5.3), the asymptotics of the expressions for ‘P(x) and cPi(x) at
j~x —+ correspond to this limit. For realizing this limit, obviously, one needs the simultaneous
fulfilment of our inequalities

po±K~P~1. (5.4)

If the condition (5.2) is satisfied, inequalities (5.4) can be fulfilled beyond the vicinity of the solutions to
the equations pc,±K± = 0 for q. The zeroth term of the asymptotic expansion y~in respect of the
parameter (5.4) will take on the form

= V2~[(p~~ K~)0(p~-K~ (pg- K~)0(p~-K~)] (5.5)

where, as before, 0(x) is the step function, and with Pc,> IK±I(as a rule, it is an ultrasound region) we
have the well-known expression

~(0) = M(q)J Viii (cv — qu). (5.6)

The next term of the asymptotic expansion y~is proportional to the first degree of the electric field
E (it should benotedherethat thetermsproportionalto ‘YE canceleachotherduring the expansionof
(5.3)):
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(1) M(q)2V m2 1 1 1
= — (2ir)2 ~(eEq)pc,[~_ K~ ~c,+ K+

— 1 + I — -~-- In ~ — K+) (po + K_) ]~ (5.7)
K_ ~o+K_ Pc, (po K+)(pc, K)

As is seen from (5.5), formula (5.7) describes in the case of P0> K±Ionly a small correction for the
“basic” damping (5.6) which describes the possibility of the Cherenkovian method of amplification of
sound waves: y~<0 if qu>w. Another opportunity immediately attracts attention when po<IK±I. In
this case = 0 and the “conventional” expression for damping (5.6) is nonexistent. Thus, we face an
extremely interesting situation when the phonon kinetics dictated by the electron—phonon interactions is
defined by the field presence in the system. Before embarking on the analysis of a case like this, we will
dwell in more detail on the “conventional” situation pc,> Irt±I.

The result (5.7) has the simplest form if the inequality pc, ~‘ IK±I[56] is satisfied

~(i) = ~ (eEq) {1 + ~(qvc,)2 [3(w — qu)2+ (~g~)2]} (5.8)

where Vc, is the Fermi velocity.
Expressions (5.6) and (5.8) indicate that if the time nonlocaleffectof the electric field on the actsof

the electron—phonon interactions (i.e. the electronic acceleration for the time of its interactionwith a
phonon) is taken into account, a new condition for instability [56] consequently arises

qu+~?-~eEg ~ (5.9)
IT mv

0q

It differs formally from the Cherenkovian condition. Wewould like to emphasizethat in spite of the
fact that we are concerned here with a small correction for damping, we can speak of a new type of
phonon instability since for qu <cv when the Cherenkovian instability is not observed, the sign of the
damping can become negative precisely due to the effect of nonlocality of the interaction and the
electronic acceleration for the time of its interactionwith a phonon.As might beexpected,the relative
value of the shift of the Cherenkovianinstability point is small.

Wewill supply now the results for the nondegeneratecaseassumingthat p ~

~(1) = IMç~i)~V ne(eEq) (5.10)

where ne is the concentration of the electrons.
The expression for y~has the standard form

~(0) M(q)I
2V (m)i/2 neexp{—~-~----2[(CU— qu)2+ (g~)2]}

x {exp[~j (cv — qu)] — exp[~~(w— qu)]}. (5.11)
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Before proceeding to the study of the strong field limit and of the situation when y~= 0, we should
note an important consideration. The shift value of the curve 7q = yq(E) in reference to the point
cv = qu, as is clear, for example, from expression (5.8), is inversely proportionalto vc,, i.e. the shift
increaseswith the decreasedconcentrationof conductionelectrons.This fact has long been known
experimentally and for its explanation rather artificial hypotheses have been advanced. The asymmetry
of the curve Yq = yq(E) in the suggested approach develops naturally and is easily explained by the
effect considered above.

Of great interest is the case whenwe areconcernedwith the maximumnonconservationof energyin
the acts of electron—phonon collisions, i.e. when the field cannot basically be neglected in the collision
integrals [56].

In contrastto the caseof the weak field which actuallycorrespondsto the expansionof the collision
integralin powersof the small valueof the field, we will studythe oppositelimiting case

pq/\/meEq41. (5.12)

It may seem initially that such a condition is inconsistent with the case of a strong field since, if, for
example, 15 u the right-handside of the inequality decreaseswith the increasedfield andthereis no
physically interesting interval for q. However for the reasonable values of the field (smaller than
Ziener’s breakdown) this is not the case. In fact, in the model u = jiE (ji is the mobility), when 15 —— u one
can study the fields

E4 ejmqji

which at q 102 cm~1,ji —‘ iO~cm2/sec V, m — 10_28gr amounts to E4 106 V/cm, i.e. smallerthanthe
valueof Ziener’sbreakdown.

Under the condition (5.12) a fundamentalquestion arises concerningthe form of the strongly
nonequilibriumelectrondistribution function. Here, in contrastto the previoussection,thereare not
any grounds to be restricted to the simple drift approximation,though, as earlier, we may take
advantage of the considerations about the pulsed field. The method of integration of the expression
(5.1), considered above and using the electron distribution function in its explicit form, will not be
appliedhere.It turns out that in the calculationof ‘yg in the limit (5.12) the nonequilibrium distribution
function entersthe resultsonly in the form of its moments[56]: the concentrationof electronsne, the
drift velocity u, the meanelectronenergy15, etc.

flej,~7~fp, mu=~-)_~pfp, ~

As can be easily verified, suchmomentsappearin the courseof seriesexpansionof theparameter(5.12)
of Fresnel’s integrals (see formula (2.56)) obtained in the r-integration of expression (5.1).

Let us write out the result restricting ourselves to the first two terms in the expansion Yg [56],

M(q)2Vn~21 lITin
7q eEq q ~1_~j~~(w_qu)]. (5.13)
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We will emphasizeherethat the secondtermin bracketsis the result of the expansionandthereforeit
is by far smaller than a unit.

Thus,in the case(5.12) the magnitude‘yq is determined predominantly not by the drift velocity, but
by the electric field. The dampingbecomesdependentof the drift velocity, as is clear from (5.13),only
in the terms of high order of smallness. In the situation considered the instability (yg <0) that occurs at
eEq >0, cannot be called, in principle, a Cherenkovian one since the condition of instability does not
containthe relationbetweenthe wave velocity.

Hereare somenumericalestimates.Inequality (5.12)for paralleland antiparalleldirectionsof q in
respectof E can be re-written as

E[V/cm] > 10315[K] q[cm~1].

For q215/eEq-—‘0.1, cv 5 x 10~sec~1, s — 5 x i0~cmsec~1the value of the deformationpotential
A -—- lO~~erg, ne i0~cm~3, 15—’ 300 K, we obtain 71 10~sec~’. This corresponds to the field E
300V/cm.

We haveshown abovethat if the relation betweenu and s is arbitrary,but the inequality (5.12) is
fulfilled, the phonon instability is governedby the effect of electronicaccelerationby the field for the
time of the electron—phononinteraction.The inequality (5.12) is formally possibleevenwith u <s (for
sufficiently small q), then the only mechanismof instability is the one determinedby the effect of
electronicacceleration.Though,for the interval of wavevectors(ultrasoundand upwards),interesting
from the physicalpointof view, formula (5.13)describesonly the behaviourof y(E) understrongfields
precededby the proper Cherenkovianphonon instability. That is why the result (5.13) is of no
importancein termsof the practicalapplicationof non-Cherenkovianmechanismsof phononinstability
in not too strong fields. Let us returnto the caseof weak fields.

We haveattractedthe reader’sattentionabove(formula (5.5))to the fact that within the weak field
limit, but with IK± > P~the damping 7g is different from zeroonly dueto the explicit dependenceof the
collision integral on the electric field. Formally this may be seen from the fact that in the given
conditionsthe expressionfor y~ vanisheswhereasthefirst termof the field expansion(5.7) is not equal
to zero. Let us analyze this case in more detail. The inequality

>vc, (5.14)

can be realized,in principle, in a wide interval of wavevectors q if s> vc,. However in a more real
experimentallysituation(v

0> s) the condition (5.14) is associatedwith the hypersoundregion. In a
sufficiently weak field when u 4 s, the condition (5.14) is perceivableif, for example, q ~ iO~cm~,
m 10~gr, vc, 106 cm sec~’.

We will now show that a substantialincrementmay be obtainedfor the phononssatisfying the
inequality (5.14) in ratherweak fields. We will simplify formula (5.7) for the case K±I >~‘pc,.Then we
have[57]

~ M(q)
2 V E mv~[3(cv— qu)2+ (q2/2m)2] (5 15

3 (2IT)2 (e q) q4[(q/2m)2— (s— uq/q)2]3

Beforeproceedingto numericalestimateswe will analyzethe sign of the magnitude ‘yg~As is evident
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from formula (5.15), with the given sign of the magnitudeeEq (for definitenesswe will speak so far
about the positive valueof this magnitude),in principle, both a positive anda negativevalueof Yg
possible,keepingto the limits of the inequality (5.14).This dependson the relationbetweenthe change
in the electron velocity while interacting with a phonon and the wave velocity (including the Doppler
shift). If the changein the electronvelocity owing to accelerationin the field for the time of the
electron—phononinteraction exceedsthe wave velocity, the wave as thoughbreaksoff backwards(in
referenceof eE), so we have to deal with instability with respect to the “backward” irradiation. In this case
the sign of Yq is determinedby thesignsof eEq. If thechangein theelectronvelocity is inferiorto thewave
velocity, thewavebreaksaway“forward” (in referenceto thedirectionof eE), weconfront instability with
respectto the forward irradiation,the signbeingdictatedby the signof —(eEq).Theconsiderationsgiven
aboveare analogousto thosewhich usually explain the effect of instability as relatedto the transition
irradiation(see[136])for spatiallyhomogeneoussystems.Thereforetheinstability consideredhereandthe
new method, related to it, of amplification of hypersound phonons (formula (5.15)) may be treatedas
another kind of instability in reference to transition irradiation.

We will emphasizeagainthat amplificationof hypersoundin semiconductors(q > 2p0) exposedto a
constantelectric field, is not, possibly,associatedwith the sign of the magnitude(cv — qu) even if u 4 s.

In the model of deformation potential in (5.15) for A -—- 5 x 1015sec
1, s 5 x i0~cm~sec~’, p

4 gr~cm3, m 10~gr, v
0 ‘— 10

6cm sec~, q — 3 x i0~cm~1,E -—- 100V/cm, the value of the increment
of ‘yq in its order of magnitude equals 108 sec’. As is clear, the method of amplification of hypersound
based on the use of instability close to its mechanism to the one related to transition irradiation, has
great advantagesover the Cherenkovianmethod.The main assetis that we do not needhere great
mobilities of current carriers.It is obligatoryonly to fulfil the inequality (5.14) as well as the condition
for y~, be superior to the phonon damping caused by the phonon—phonon anharmonisms.

5.2. Theproblemof amplificationof optic phonons

For the realization of the Cherenkovianmethod of instability in a conductor normally great
mobilities of current carriersand high intensitiesof the constantelectric field areneededto attain the
drift whosevelocity exceedsthat of the wave.For thecaseof acousticphononswhosephasevelocity s,

asa rule, is of theorderof iO~cmsec~1,the appropriatefields andmaterials(semiconductors)havelong
beencreatedandused(see,for example,[137]).At the sametime, for othertypesof waveswhosephase
velocities may be far superior to that of sound, the problem of their amplification arises since mobility
of carriers in solids is limited and, hence, very high intensities of the field are necessary which may
simply destroy the sample. One of the exampleswhere we face the problem of realization of the
Cherenkovianmechanismof amplification, is the optic phonons.Let us see what possibilitiesmaybe
gained from the mechanism of instability suggested in section 5.1 for amplification of optic phonons flux
in semiconductorsexposedto a strongconstantelectric field. We will note that we arenot familiar so
far with the experimentsaimedat the amplificationof optic phonons.

Similar to the caseof acousticphonons,the dampingof optic phononsis calculatedusingformula
(5.1) where,though,onemustbearin mind that COg is the spectrum of optic phonons. The weak field
limit is representedby the inequality

15 ~‘~rc,, r
0 = max{(13q)

1,w1}. (5.16)
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We will studythis casein moredetail. As a model for the electrondistributionfunction we may choose
the quasi-equilibriumfunction with drift velocity when the frequencyof electronic collisions is the
highestone in the system(see also the analogousconsiderationsin section 5.1). Let us neglect the
phonondispersionassumingthat COg = w

0 andrestrict ourselvesto the analysisof the degeneratecase
[138].The result for the first two termsof the expansion(5.1) with respectto the parameter(5.16) is
similar to the formulae(5.5) and(5.7) from the previoussubsectionwhere,however,by the magnitudes

we meanthe phasevelocity of optic phononss = wo/q. We will dwell on the most interestingcasewhen
<Irt±Iand,thereforey~= 0. For q 4 mwc,/powe have[138]

~(1) ~ (5.17)

IT m COc,

If the inequality q ~- Po [138]is fulfilled,

~z 2
(1) ~ 2 v m ~

7q =-~--M(q)—2-—~pc,(eEq). (5.18)

Thus, in the caseof evensmalldrift velocities(we muststressherethat in the limiting cases(5.17) and
(5.18) the magnitudeu doesnot evenentertheseresults)andnot too strongfields thereis a possibility
of amplification of optic phonons(7q <0), this possibility being due to the mechanismconsideredin
section5.1. Here aresomenumericalresults,for instance,for the deformationpotentialof theelectron
interactionwith optic phonons

MI
2 = ~2/2pwc,V

where ~ is the deformation potential. Assuming that ~ = 10°eV/cm, p = 5 gr/cm3, q = iO~cm~’,

to
0 = 1013sec~’,~o = 106 cm

1,we obtainin the case(5.17)

I7~I—— 106E[ V/cm] sec1 (5.19)

underthesesameconditionsbut with q = i0~cm~’whenthe situation(5.18) is realized,we have

IY~I—‘ 104E[ V/cm] sec~1. (5.20)

5.3. Dampingofspin wavesin ferromagneticsemiconductors

We will supplyone more exampleof instability of wavesinteractingwith electronsunder a strong
constantelectric field. Let usexaminethe spin wavesdampingin a ferromagneticsemiconductortaking
into accountthe field effect on the electron—magnoninteractions[57,139], using extensivelythe results
of sections2.3 and2.5.

Generalizingequation(2.54) for the caseof magnon—electroninteractionswe will write the kinetic
equationfor magnonsin the form



VP. Seminozhenko,Kineticsof interactingquasiparticlesin strongexternalfields 169

~J dre~~3j
2{(1+Nq)(1fp+eE~~g,1)fp+eEr.~— Nq(lfp+eE~.~)fp+eE~_q,~}

x cos[(cp_q t — ~ + Cüq)T — eEqr2/2m], ij —÷+0 (5.21)

wherethe notationsof the magnitudesthat appearhereare given in section2.3.
As in the precedingexamples,our main interestwill be concentratedon the peculiarity of the

magnondamping due to the electric field. Therefore,as in sections5.1 and 5.2, where the phonon
dampinghasbeendiscussed,we will needhere the kinetic equationfor electrons.We will only take
advantageof the fact that in a sufficiently weak field in the caseof most effective electron—electron
collisions the distribution function will bechosenby the quasi-equilibriumonewith the drift velocity u
whosevalueis definedby the electron—impuritycollisions.As follows from (5.21), the collision integral
beingexplicitly dependenton thefield, whichis thecasefor phonons,too,bringsaboutthesituationwhen,
generallyspeaking,the laws of energyandmomentumconservationshouldnot be necessarilyobserved
simultaneouslyin theelementaryactsof interaction,i.e. theelectricfield allowsonly thoseprocesseswhich
would be forbiddenin a certainregion of the q-spacein the absenceof the field. For the first time the
problem of the spin waves damping was discussedin [140] where within the framework of drift
approximation for a nondegeneratecase the authorsobtained the condition of instability of the
Cherenkoviantype: Wq<qu. Below we will give someresultsincluding the spin splitting betweenthe
subbands.We will also considera degeneratesemiconductorinvolving the differencein the electron
occupationnumbersin the subbands.In sodoing,wewill, similar to sections5.1 and5.2, takeinto account
the effect of electron accelerationfor the time of the electron—magnoninteractionsand their time
nonlocality.The dampingcoefficientfor aspinwaveafterthesubstitutionof thederivativesp + eEr—* p is

given by

7q = ~
3I~J dre~(fp_q,~—f~j)cos[(c~~— Ep_q1— wq)r— eEqr

2/2m]. (5.22)

Repeatingall the reasoningand making the calculations,analogousto those from section 5.1, we
arrive at the formula coinciding with (5.3). The only difference is that the matrix elementof the
electron—phononinteractionshouldbe replacedby the matrix elementof thes—d exchangeinteraction,
the expressionfor K+, by

(5.23)

wheres is the spin wavevelocity. Insteadof the magnitudepc, in the expressionsfor A±and A_,we
haverespectively

p±=\/2m(co±~LI), (so>~LI) (5.24)

wheree,~is the Fermi level.
When the inequalities are fulfilled [57]

p±±K±JP~1 (5.25)
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the first two termsof the asymptoticexpansion‘yq aregiven by [57]

= 3I~[(p~- K~) O(p~- K~ (p~- K~)O(p~- K~)], (5.26)

= — VI~I2~j- (eEq) { ~ — ______ — + — in ~ — K+) (i_ + K_) (5.27)
4IT q p±—K+ p±+K± p~~K_ p_+K_ (p±+K+)(p~—K_)

In the region whereboth 0-functionsareotherthanzero,weget a conventionalresult [140]

~~o)= ~ ~//3 ~—~—(cv — qu). (5.28)

The expression(5.27)in this casedescribesthe shift of the Cherenkovianinstability point [140].Let us
dwell in more detail on the situationwhen ~ = 0. Formula (5.27) under the condition IK±I~‘ p±is

greatlysimplified [57,139]. If the inequalities

wc,4LI, u4LI/q

are fulfilled that are reducedto the conditionsq ~‘ p±or q 4 mLI/p±we obtain expressionsof the
type

7q = 8 2V~(eEq)(p3±+p~.), q ~-p± (5.29)

IiIi
3IV 2,1~\P±P-

~ 3~2 m ~,eii1qjmLI ~ ‘ q’~—.

The physicalinterpretationof the mechanismof instability (which, as is clear from (5.29) and(5.30),
underthe presentconditionsis possibleonly for (eEq)<0) andof the sign of the coefficient ‘yq cannot
be presentedso vividly as in section5.1. This is attributedto the fact that the classicallanguagethat we
haveusedto explain the phononinstability is not, generallyspeaking,applicablehere(at leastfor the
case(5.30)) since electron—magnonprocessesare accompaniedwith the changein a purely quantum
magnitude(spin flip). Still, if we determinethe changein the electronvelocity proceedingfrom the
changein its energywhile interactingwith a magnon,then, as both in the case(5.29) andin the case
(5.30),we will find that the changein the electronvelocity (along eE)exceedsthewavevelocity, i.e. the
instability in referenceto the “backward” irradiationof spin waves(relativeto the direction eE) takes
place.

Here are some numerical estimatesfor CdCr2Se4,for example, in the conditions (5.30). For
cc,— 10M sec

1,LI ‘— 1013 sec~’, m — 10~~gr, q — i0~cm1, E -‘-- 102 V/cm, ~— i0~sec~’which underthe
chosenconditionsis much superiorto the dampingdueto the magnon—magnonprocesses.

6. Kinetic theory of the phenomenain tunnel junctions asan exampleof exactaccountof intense external
excitation

Anothersystemthat mayberelatedto the problemdiscussedin thegiven report is atunnel junction
of two metalfilms separatedby athin insulating layer(N

1—I—N2). In asystemlike this tunnellingcurrent
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flows if the voltage V is applied to the junction. As was establishedin [141],as a result of electron
tunnelling from one electrode to the other, nonequilibrium distributions of electronscome to be
realized in N1 and N2. The characterof thesedistributions is determinedby the transparencyof the
tunnelbarrier, the voltageapplied andthe electronrelaxationtimes[49].

To describethe tunnellingprocessesin nonequilibriumstatesof theelectronandphononsubsystems
of metal films, kinetic equationscan be formulated(see [49,142]) which take exact account of the
externalexcitationacting on the system.This excitationis producedby thevoltageappliedto the tunnel
junction. As this takes place, one can derive equationsresemblingvery much those which were
constructedin the study of the high-frequencyfield effect on the processesof interactionbetween
quasiparticles.It is easyto seethe analogyif one analyzesthe Hamiltonian of the systemin question.

While constructingkinetic equationswe can make useof the tunnel Hamiltonian [143]. Let us
assumethat the completeHamiltonian of the systemmaybe representedas [49]

i+~2V+~T+~T1+~c (6.1)

where~ and ~W2are completeHamiltoniansof the left andright electrodes,

~Wi= ~ ea,,a~+ ~ M~(p,p’) a~a~’~(bY~+ b
1_’~A)+ ~

p’—p=~r,A KA

+ +
— (2)~+~ A,r(2)( ~\ Q+ ~ ,‘j,(2) j j.~(2)~j (2)j~(2)g,(2)

~(-2 Eq ~qc~Jq,, 151A ~q,q,p~pq’C,~u,~A V_IcA) COICAVKAUKAga q’—q=K,o.A

(a~,a), (/3k, /3) are~lectroncreationandannihilationoperatorsof the left andright film, respectively,a-
is the spin index, (b~°,b~’~)are phononoperatorsof each film, A is the phonon polarizationindex,
M~2(k, k’) arethe matrix elementsof the electron—phononinteractionin eachfilm (1,2), c~= ~ —

where E~’~characterizesthe law of electron dispersion in the i-film, ji, is the electron chemical
potential, the Hamiltonian ~‘v describesthe voltageappliedto thejunction:

~Cv eV(t)~a~a~, (6.2)

the elastictunnellingchannel[143]is describedby the term

~ T~a~,/3qg+h.c.

*

where Tpq is the matrix elementof the tunnellinginteraction,T1, ~q ~ = T_~~ -q ~, the momentap andq
will referafterwardsto theleft andright films, respectively.The inelastictunnellingchannelis described
as [144]

1 + +
— T(i)°i’I.~\ + ci _I,..(1L j~(2)\Ll,
— qpA l~Ii) a,,gpqu ~ !~U~ UkA) -~-~.c.

p,q,k,o-,A V

wherek is the phononwavevector;the matrix elementof the inelastictunnellinginteraction is defined
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as

Tpq(k) = J dr exp(ikr)~(i)(r) i/j~(r)

wherethe single-particlewavefunctionsi/i”2~(r)are thosefor electronsincidenton the barrier from the
left andright, respectively.

The Hamiltonian ~ describingthe externalcircuit is usually discardedassumingthat the main effect
is to conservethe electricneutrality of the electrodes(with eV�0) by the transferof chargeexcessin
the externalcircuit. Let usalso notethat the separationof phononsinto “left” and“right” introduced
above refers only to phononsof frequency to > to

0 2ITs/d (s is the sound velocity, d is the film
thickness).However,preciselythesephononsarealsoaffectedby the “redressing”of electronsthrough
tunnelling, i.e., it is reasonableto considerthe changeof electronandphononstatesin eachfilm under
the actionof the sourcedueto the inelastictunnellingchannel.It follows from the results[144]obtained
in the determinationof the dependenceof T~on k that the contributionof phononswith wave vectors
k <2IT/d can be neglected.

As is clear, the Hamiltonian (6.1) referspreciselyto the casethat hasbeenconsideredin section2
andfor which the “external field” V(t) can be exactly allowed for in the kinetic equations.The result
(2.27) is completelyapplicable to the case(6.1), (6.2). We will passover to the descriptionof the
programmefor constructingkinetic equationswhich was accomplishedin [49]. We will start with the
caseof constantvoltage appliedto the junction.

6.1. Elastic tunnellingchannelunderconstantvoltage

We will first considerthe kinetic equationswithout taking ~‘Ti into account.For making calculations
in (2.27) with the accuracyof up to the secondorderof the perturbationtheory in the interaction~T,

the following pairingsbetweenoperatorsmustbe regardedasdifferent from zero:

+

+ — Q+ ~ — J,Ø) j,(z) —— Jp (Jpp’, FgrPq’cs — J q Uqq’~ KAUK’A —

Further on we should take into considerationthat in the approximationof “specular” penetrationof
particlesthrough thetunnelbarrier thecomponentof themomentumparallelto the barrier is preserved

Tpq = Tp~q~(pii)
8PII.~II

In view of the fact that the Hamiltonian ~ commuteswith X~,the electron—phononcollision integrals
for eachelectrodehavethe usualform. Thereforeit is sufficient to consideronly the collision integrals
dueto the tunnelling. Thesecollision integralsmaybe given by

(~) = 2IT ~ Tpqi2 (f ~f~) 3(c~—c~2)+ eV) (6.3)

(~) = 2IT ~ I TpgI2 (f~ — f~) 3(d~,i)— c~2)+ eV). (6.4)
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The formulae given above enable the judgement about the characterof nonequilibrium states
emergedduring tunnelling[49,142].

To investigatethe nonequilibrium statesof the electron—phononsystemof a metal induced by the
tunnelling current, it is necessary,as is evident, to solve an extremelycomplexsystemof equations.
Specific difficulties are also associatedwith taking account of boundaryconditions. In the present
section we only show that tunnelling betweentwo films of normal metals can lead to essentially
nonequilibriumelectronstates.We assumethat the thicknessof the films d1, d2 is less than the phonon
meanfree path A~hand consequentlywe are justified to consideronly the electronequation.Let the
film thicknessalso satisfy the inequality A~4 d, 4A5 (A~is the electronmeanfree pathwith changeof
momentum,A5 is the diffusion length).The right sideof the inequality permitsthe studyof the spatially
homogeneousproblemwithout taking accountof theboundaryconditions,whereasthe left sideadmits
an approximationisotropic in momenta

fk=f(dk).

In passingfrom summationto integrationin (6.3), (6.4) we take into accountthe fact that when
eV4 ji the momentumdependenceof the matrix elementsTpg can be neglectedand (I TI

2) may be
takenat the Fermi surface. In this casethe energydependenceof the electron densityof states(at
distanceseVfrom the Fermi surface)can alsobe neglected.Finally weobtain a systemof equationsin
theform [49]

aP(c)/9t= I~~{f’~(eYf’3(e+ eV)}+ P{fa, N} (6.5)

af~(s)/ot= —Io2{f~(d) _fa(d — eV)}+ ~~{f$, N} (6.6)

where Ic,, 2Dvc,~/d~,i = (i, 2), v
0 is the Fermi velocity, ~]‘ arethe electron—phononcollision integrals.

The first of the equations,(6.5) describesthe injection of holesbelow theFermi surface(extractionof
electronsfrom the vicinity of the Fermi surface)in the first electrode,while the secondrefers to the
injection of electronsin theregion abovetheFermi surfaceof the right film. In the first case,dueto the
electronneutrality condition, statesabovethe Fermi surfaceare rearrangedtoo, while in the second
casethe occupationnumberof electronstatesbelowji~ is changed.Stationarysolutionsof the systemof
nonlinear integral equations(6.5), (6.6) can be found only by numerical methods.Therefore, we
consider below the case of that “tunnelling nonequilibrium” which in limiting cases admits exact
analytical solutions.

We will considerthe tunnelling structureN1—I—N—I—N1 [142]in which N1 arethick electrodes(and,
accordingto (6.5), (6.6), in equilibrium), while the centralN-film is separatedfrom the outeronesby
identical insulators.Let the samevoltage eVbe applied to each of the functions. Then the kinetic
equationfor the distributionfunction of the centralfilm f(c) hasthe form [142]

ôf(c)/c9t 1o{2f(c) F(c + eV)—F(c— eV)}+ ~ (6.7)

whereF(c) = (e5~~T+ 1)_i is the equilibrium distributionfunction. We will solve the equationobtained
for the case T = 0. According to the conditionsenumeratedabove, the stationarysolutionsof (6.7)
belongto a classof functionssymmetricalin c, namely,f(—c) = 1 —f(c), and,therefore,it is sufficientto
seek a solution for c >0. Introducing the dimensionlessquantities i.’ = Io/cei(eV)

3, x= c/eV (here
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cei = A2/4ITs4pvo,A is the deformationpotential constant,s is the soundvelocity, p is the density (the
matrix elementof the phonon interaction is expressedin the Bardeen—Pinesmodel)), for f(x) whose
values different from zero lie below x = 1, eq. (6.7), taking into account the explicit form of the
electron—phononcollision integral, can be written in the form

v(2f(x) -1) = (1- f(x)) Jdx’ (x’ - x)2 f(x’)

- f(x) (J dx’ (x + x~)2f(x’) + J dx’ (x - xF)2 (1- f(x’))).

This equationmaybe reducedto a differential equationwith boundaryconditions.We denoteby çli(x)
the quantity

3
2 , xdx (x —x) f(x)+—~-+2ax

wherea = fJ dx x f(x). A secondorderequationfor ~i(x)maythen be representedin the form

4
P1 1 ‘2 X 2 2

i~—~.(~/’~)=~+ax +p—2a

The boundaryconditionsfor ~/i(x)havethe form ~/i~(0)= 0, ~/i~(1)= ~+ 2a (the magnitudea must be
determinedself-consistently),~/i~~(1)= 1. Evidently, f(x) = — ~/J~XX. We will presentonly the results.
When p 4~a result is obtainedwhich in fact correspondsto thegeneralizedr-approximationof eq. (6.7)

f(x)=
2~

1
3/3. (6.8)

When p ~ 1 we obtainasolutionwhich is describedby theemergenceof “terraces”at the Fermisurface
[142]

f(x)=~[1_~x(x2+3)].

The developmentof nonequilibriumelectron distributions leadsto some peculiar phenomenain
tunnel junctions.For example,in [141]the authorsdiscoveredexperimentallythe effectof self-blocking
of tunnellingcurrent at low voltages.

6.2. Inelastictunnelling

We will now see to what effects the allowance for tunnelling accompaniedby the emission
(absorption)of phononsmay lead. The electron collision integralscorrespondingto thesetypes of
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interactionsaregiven by [49]

(~) = IT ~ ~ ~ (6.9)
Ti i—1,2q=p+k

(~) = IT I T~(k)!2{f~(1 f~) — N~)(f~f~)} 3(e~,~+ eV—e~+ w~) (6.10)
Ti i=1,2 q=p+k

wherethe phononpolarizationindex is included in the notationof the wavevector.
It is clear that only the inelastic tunnellingchannelcan serveas the sourceof phononpumping in

eachof the films. The calculation of the phononcollision integralsprovidesthe following resultsfor
kinetic equations

aN°~
IT ~

p—g—k

X 8(c~+ eV—~ + w~)+ ~e{f(i) N°~} (6.11)

where~ arethe usualelectron—phononcollision integrals.
Equations(6.3), (6.4), (6.9), (6.10) and(6.11),supplementedby boundaryconditions,as well asby the

condition of electric neutrality of the films (determiningtheir chemical potentials) constitute the
completesystemfor the solution of the problemsof electron tunnellingin normal metalsin the case
whennonequilibriumeffectsareimportant.

6.3. Oscillatingvoltageat tunnellingjunction

We will nowstudymodified kinetic equationsfor the situationwhere

V(t)= Vc,+ V
1cos fit. (6.12)

For the sake of brevity we will demonstrate here the results concerning only the elastic tunnelling
channel describedby the Hamiltonian ~CT.The term in the kinetic equationfor f, for example,
dependingon the voltageaccordingto (2.27)is written in the form [49]

(~)T = -2~TpqI
2 J drew(f(t+ r)-f~(t+ r))

xcos{[e~+eVc,—e~]r+~’-~[sin fl(t+ r)— sin flt]}.. (6.13)

Let us notethat effects of the type (6.13)will not appearin the electron—phononcollision integrals
sincein the Hamiltonianof the electron—phononinteractionthe operatorsa,, enterin the combination
aa,,, while the oscillating part (6.12)doesnot depend on the electron momenta.

If voltage oscillations at the junction are sufficiently large (fir ~‘ 1, r is the electronrelaxationtime),
the kineticequationfor the a-film takeson the form
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= 2IT ~ ~ I TpqI2 i2~(~i) (fp~— f~)3(c~P+ eVc,— c~2)+ nfl) + ~{f”, N~°} (6.14)

where$f,, arecollision integralsdescribingthe relaxationprocessesin the a-electrode.
The kineticequationfor f” is obtainedfrom (6.14) by a simplesubstitutiona~ /3. As is evidentfrom

(6.14), the oscillating voltage is a tunnelling channel associatedwith the “emission and absorption
quanta” of voltage oscillations.On the basis of such analogies,the phenomenonunder consideration
was called the “quantization” of voltageoscillationsat a tunnel junction of normal metals[49]. This
“quantization”doesnot only determinethe valueof the tunnellingcurrent,but affectsalsosignificantly
other propertiesdependent,generallyspeaking,of the electrondistributionfunction satisfyinga kinetic
equationof type (6.14). Here is an exampleof oneof the possibilitiesof analyzingthe nonequilibrium
distribution.

Let the constantcomponentof the voltage vanish(V
0 = 0), the left film be thin (of thicknessd) and

the right film thick. At the sametime we assumethat the thick film is at potentialzero,so that only the
left film experienceschemicalpotentialoscillations.The massivenessof the right film enablesus to
assumethat, owing to the efficient spatialdiffusion of the electrons,it is in theequilibrium state.Let us
considerfirst the “single-quantum”limit eV1 4 fi. In theisotropicmomentumapproximationthe kinetic
equation(6.14) is representedby

= _i0{[~ — 1 (eVi)
2] (f

5 — F5) + 1 (~/)2 [(f5— F5+0) + (f5 — F5_~)]+ ~P{f5, N}}. (6.15)

The kinetic equation(6.15) resultsin the stationarycase,for example,at T = 0, whereIc,r(eVi/fi)
2 4 1,

aswas shownin [49], in the developmentof strongly nonequilibriumdistributions—inthe formationof
two “terraces”on the Fermi step.

The experimentalresearchinto nonequilibriumphenomenain normal tunnel junctions encounters
greatdifficulties since in order to obtain effectsanywherenear appreciable,junctionswith sufficiently
small tunnel barrier transparenciesmust be available.This problemis rathercomplex, thereforethe
numberof experimentsdealingwith nonequilibriumeffectsis so far ratherscarce.

7. Conclusion

In this report somenew results obtained recently in the theory of kinetic phenomena in solids
exposedto strong externalfields havebeensurveyed.The approachbasedon the accurateaccountof
the field takenin kinetic equationsfor quasiparticlesproves,as hasbeendemonstrated,to be successful
and yields somenew and sometimesunexpectedresults. There is every ground to believenow that this
trend in solid statephysics will culminate in the nearestfuture in a numberof new and promising
results. The author has attemptedto show that the developmentof the theory of nonlinear and
nonequilibriumphenomenain solidsunderintenseexternalfields affecting substantiallythe quasiparti-
cle interactions,is interestingnot only from the point of view of finding the possible mechanisms
causingnonequilibriumstatesand nonlinearpropertiesbut also as to the practical applicationof the
peculiaritiesof thesenonequilibnumstatesfor various purposes:for generationand amplification of
waves, for obtainingthe necessaryparametersof the systems,etc. The latter, to our mind, is very
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important for the nowrapidly developingtrendof creatingnewnonlinearelementsin electronicsandof
elaboratingbasicallynew technicaldevices.

It is not accidentalthat the theoreticalresearchthat haslately beencarriedout while investigating
the problemsof the externalfield effectson the elementaryactsof interactions,is mainly focusedon
those systems(normal and ferromagneticsemiconductors,ferro- andantiferrodielectrics,and super-
conductors) which are most promising for experimentalstudies and practical applications. Some
problemsconcerningthe experimentalrealizationof quantumkinetic effectsin strongfields andthe use
of theseeffectshavealreadybeendwelt upon in this reportwhile supplyingthe theoreticalresults.We
would like to makeheresomeadditional remarkson the experimentsalready availableand on the
prospectsof the theoreticalandexperimentalresearchinto the phenomenaarising underthe influence
of the externalfield on the quasiparticleinteractionsin solids.

As hasalreadybeennotedin the Introduction, the theory is somewhataheadof the experiment,as
far as the problemscoveredin thisreportareconcerned.On the onehand,thisis likely to be associated
with the fact that the understandingof the main peculiaritiesof quasiparticleinteractionsin external
fields came comparatively not long ago and therefore the ways of the possible developmentof
experimentswerenot knownbeforethen.Onthe otherhand,in order to observethe phenomenaowing
its origin to the field actionon the durationof elementaryquasiparticleinteractions,we need,asa rule,
ratherspecific conditionsof the experiment.For example,for the realizationof a new mechanismof
wavesamplificationin the conductorsone needsin a strongconstantelectric field (section5.1) a source
of the gigacycle(or teracycle)bandas well as sufficiently low temperatures(helium ones).However, in
spite of theseconditions being so specific, they are completelyattainableat the presentlevel of
developmentof experimental technique. Nevertheless,despite the fact that some of the effects
describedin sections2—6 still await experimentalchecks,one can alreadyspeak about substantial
progressnot only in the theoretical,but also in the experimentalresearchinto quantumkinetic effects
understrongexternalfields.

One of the first experiments in which the role of the strong constant electric field was vividly
elucidatedin changingthe probabilitiesof interbandtransitionsof electronswith the absorptionof the
light field quantawere publishedin [145,146]. ThosestudiescorroboratedFranz—Keldysh’stheory
[30,31].

In narrow-bandsemiconductorsthereappears,due to the strong constantelectric field a discrete
term in the electronspectrum(Wannier—Starklevels [147])and due to this the electron kinetics can
acquirea numberof interestingpeculiarities*. At the resonanceelectrontransitionsnonmonotonous
areasmustappearbetweenthe Stark laddersin the field currentdependence.This effect is describedin
detail in theoreticalpapers[51,52] and was experimentallyobservedin [149] while examining ZnS.
With the highly peculiar phenomenawhich could be observedwhen the electric field affected
considerablythe electron—phononprocesses,can alsobe groupednegativeabsolute[150] anddifferen-
tial [151] conductivity of semiconductorsand amplification of hypersoundcausedby the electron
transitionsalongthe Stark ladderwith the emittanceof phonons[152].In particular,the last-mentioned
effect seemsto be promisingfor practicalusein that frequencyrange(q > 2pc,)wherethe Cherenkovian
mechanismof amplificationis impossible.This, as hasbeennotedin section5.1, is associatedwith the
fact that at q > 2Po electron—phonon processesare forbidden** without taking into accountthe electric
field effect. It should also be noted that, as hasbeendetermined,the indirect optic excitontransitions

* Theexperimentalproof of Wannier—Starklevelswasgiven in [148].
** The “cutout” of electron—phonon processesunder suchconditionswas observed in the experiments [153,154].
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which areallowedonly if the interactionwith phononsis takeninto consideration,can essentiallyalter
their characterin strongconstantelectricfield. Thetheory of the effects elaboratedin [155]enabledthe
detailed explanation of the experimental results [156].

In the caseof wide-band semiconductors(or under not too strong constant electric fields: E i~i0~—
i0~V/cm), the main field effect on the processesof electronscatteringis the accelerationof electronsfor
the duration of the interactions(see the intra-collision effect in sections2 and 5). This mechanism
appearsto havealreadybeenobservedin the experimentalstudy of the polaronmobility in InSb at
77 K [157].Theseresultswere discussedqualitatively and quantitatively in [53]. The influenceof the
strong constantelectric field on the electron—phononprocessesis evidently important not only for
semiconductors,but alsofor metals.For example,in theexperimentswith microcontacts(see[158—160])
while studyingthe spectrumdependenceof the electron—phononinteraction function a

2(to)F(co), the
field intensityin the vicinity of the microcontactis as high as iO~—iO~V/cm. Under suchconditionsthe
non-Cherenkoviangenerationof phononsarises[56,57] which is likely to result in the “backgrounds”
observedin the experimentalcurvesa2(to)F(co) at to > COD [157].Unfortunately, thereare up till now
no direct experimentsstudying intra-collision effects. However, the experiments[157—160],and the
observationof the curveasymmetryof the sounddamping(see [57]) in respecttestify ratherconvinc-
ingly to the point Wq = qu in favour of the considerationsgiven in section5. In refs. [161—163]it was
shown that the problemsof the electric field effect on the collision of particles are exceedingly
important and must be taken into account in connection with the modelling of small semiconductor
devices. Basic results were also obtained in the recent work [164]which studiedhot carriermicrowave
conductivity in the non-zero collision duration regime. The data obtained in [164]arevery essentialfor
analyzing the experimental results in the study of the transient response characteristics of semiconduc-
tor devices.

In section 4 we have describedthe results obtainedby the presentmoment on the theoretical
research into so-called nonresonance parallel pumping in ferro- and antiferromagnets. It has been
shownthat such a nonresonanceway of excitation of spin wavesis attainableonly dueto the influence
of the alternating magnetic field on the elementary acts of interactions of quasiparticles of the magnetic
subsystem. In spite of the fact that the problem of nonresonance parallel pumping is a comparatively
new oneand the first theoretical resultshavebeenobtainedquite recently (for more detail see the
literature cited in section 4), there are at present first experimental proofs of the theory. The experiment
[165]confirmed the effect of nonequilibrium cooling of spin waves predicted theoretically (section 4.1).
It was shownthat the main mechanismto which the formationof nonequilibriumstatesis attributed,is
the external field effect on magnon scattering on dislocations.

The impact of externalelectric fields (both constantand alternatingones)on the electroninteraction
with the potential barrier in metal—barrier—metal junctions maynow be considered to be comparatively
well studied experimentally. In the case of a constant electric field (constant voltage applied to the
tunnelling junction) the experiment [141]vividly demonstrated that nonequilibrium states of electrons
can be realized under such conditions (section 6.1). The effect of high-frequency fields on electron
interactionswith tunnelbarriersleadsalso to a numberof interestingproperties(section6.3). Someof
these properties are already widely used in technical applications for constructing frequency multipliers,
irradiation mixersof submillimeterandinfrared bandsandvisible spectrumdetectors[166,167].

In this reportwe havenot discussedthe similar problemsin the sphereof superconductingstatesof
metals. It should, however, be noted that it is in these very systems that one of the most spectacular
experimental proofs of the effect of external alternating electromagnetic fields on quasiparticle inter-
actions have been produced. For example, the excitation of quasiparticles in thin superconducting films
by a high-frequency field is mainly due to the field effect on electron—impurity collisions [71—73].
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The processes like these may culminate in fascinating nonequilibrium effects. In particular, the
experiment [168] discoveredthe nonthermaldestruction of superconductivity by laser irradiation. The
effect of increasing critical parameters of superconductors as against the thermodynamically equilibrium
values was experimentally discovered in [169](see ref. [170]).

Someof the examplesgiven abovespeakfor the fact that the experimentalresearchinto quantum
kinetic effectscausedby the influenceof externalfields on quasiparticlesin solidspromisesmuchandit
should be expected that very soon new experimental results and proofs of the theory will appear.
However, this doesnot yet meanthat all the relatedtheoreticalproblemshavebeensolved.

Alongside the progress already made in this sphere there is still quite a number of problems to be
solved. Therefore, to avoid a false impression made on the reader that the theory of kinetic phenomena
in strong fields may be complete, we will enumerate the problems that remain to be solved in future.

Oneof the principal questionsin the study of nonequilibriumeffects taking into accountthe field
impact on the elementaryacts of quasiparticleinteraction is that of the form of the quasiparticle
nonequilibrium distribution function since its specific properties are largely determined by the
parameters of the nonequilibrium distribution. Unfortunately, up to now, except for the r-ap-
proximation in the case of slightly nonequilibrium states, the form of the distribution functions
satisfying generalized quantum kinetic equations has not yet been found. To solve this problem numerical
methodscan primarily be applied.However, evenif the computerprogrammefor thecalculationof the
distribution function is accomplished, some basic questions can be solved, for example, by the method
suggested in [171].

Of great interest may be the study of collective effects and of the problems of screening in conductors
exposedto a strong constantelectric field allowing for the effectsconsideredin section5. They arenot
practicallystudiedandonemayexpectheresomeintriguing effects.

The problem of investigation of the nonequilibrium initial stage may turn out to be of basic
importancein the casewherea strong external field is switchedon and also in the caseof the system
evolutionwith time towardsthe nonequilibriumstate.This problemhasbeenconsideredso far only in
the approximation of the instantaneouscharacterof interactionsbetween the quasiparticles.Also
topical is the problem of spatially inhomogeneous systems in an intense external field. Finally, we think
it to be important to apply the approach considered in this report to other systems which have not yet
been studied. Some considerationson the indicated problemshave already been expressedin the
literaturethough the reviewof thesestudieswould bepremature.

The author is grateful to professors V.G. Bar’yakhtar, D.N. Zubarev,I.M. Lifshitz, Y.M. Kagan,
E.A. Kaner, S.V. Peletminsky and G.M. Eliashberg for the discussion of some questions related to the
problemof strong fields in kinetics of quasiparticles. The authorwould alsolike to express his gratitude
to A.A. Yatsenkowho participated in a great part of the author’s studies of kinetics of interacting
quasiparticles in strong external fields.
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