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1. Introduction

The problemof constructinga theory of kinetic phenomenain the systemsunderstrong external
fields hasrecentlybecomeincreasinglyurgent.It is attributed,to a largeextent,to both greatprogress
in creatingthe sourcesof intensefields (lasers,sourcesof SHF electromagneticfieldsof radiofrequency,
intensesoundpumping,constantelectric field, etc.) andto the fact that underthe influenceof intense
external actions the propertiesof the system may vary cardinally as comparedwith the usual
thermodynamicalequilibriumones.

A greatvarietyof nonlinearand nonequilibriumpropertiesof thesystemsrealizedin strongexternal
fields is determinednot only by the characteristicsof the externalaction, but alsoby the typeof the
system itself subjectedto this action. The scope of the nonlinear and nonequilibriumphenomena
studied by the presentmoment is exceedinglywide. Among them one can mention the study of
elementaryprocessesin quantumelectrodynamicsin strong electromagneticand gravitationalfields,
nonlinear effects in gas plasma acted upon by the intense electromagneticfield, nonequilibrium
phenomenain solids (metals, semiconductors,dielectrics (magneticdielectrics including)), in strong
high-frequencyor constant(electric, magnetic)fields, etc. The majority of thesequestionsmentioned
above have already been consideredin monographsand reports. The problemsof quantumelec-
trodynamics of the phenomenaunder intense field, for example, are set forth in refs. [1—6],the
questionsof interactionof high power irradiation with plasmaare surveyedin refs. [7—11],theproblems
of propagationof strong electromagneticwavesin dielectrics(i.e., the problemsof nonlinearoptics)are
describedin refs. [12—16],the intense irradiation effect on metals is consideredin ref. [17], some
electronicpropertiesof wide-bandsemiconductorsunderthe actionof a high-frequencyelectromagnetic
field (12r~‘ 1, (1 is thefrequencyof thefield, T is the electronrelaxationtime) are discussedin [18].We
will refer to the articlesof reviewingcharacterandthe original paperslater on, and now we will touch
upon the history of the questionand the specificity of the problemstreatedin thisreport.

In the theoreticalresearchinto the intensefield effect on the systemof interactingparticles it is not
sufficient, in a numberof cases,to take into accountthe external field accordingto the perturbation
theory, but it is necessaryto take into considerationthat the field changesbasically the statesof
interacting particles (as compared, for example, with the states describedby plane waves) and,
consequently,the very characterof theinteractions(seesection2). It turnedout that in a largenumber
of examplesbeingof greatinterestfor the studyof kinetic phenomenain solids, while formulating the
main relationsof thekinetictheory,theexternalintensefield canbeallowedfor accurately(not in termsof
the perturbationtheory),whereastheperturbationtheory is sufficient to be developedonly in respectto
weak interactionbetweenthe particles(quasiparticles).This approachproved to be very fruitful and
enabledthe descriptionof a whole classof new nonlinearandnonequilibriumeffectsin solids.

Oneof the most interestingandimportant,from the point of view of their practicalapplication,are
the problemsof generationandamplification of waves(electromagnetic,spin andacousticones)under
strong externalfields, dampingof intenseirradiation by varioussystems,etc. Theseproblemswill be
treatedwith due attentionin the presentreport.

In contrastto the single-particleproblemsconsideredby quantumelectrodynamicswherestrong
externalfieldsaretakeninto account,theproblemof constructingthe kineticsin solids(aswell as in gas
plasma)undera strongfield is muchmorecomplicatedas it is a many-bodyproblem.The descriptionof
the kineticsof interactingquasiparticles(electrons,phonons,magnons)underan intenseexternalfield is
not reducedonly to the investigationof the changedprobabilities of their interactionwith eachother
due to the varied wave functionsof the interacting quasiparticlescausedby the external field. It is
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essentialthat the exact accountof the externalfield in kinetic equationsfor quasiparticlestendsto
involve a basicchangein the correspondingcollision integrals(as compared,say, with the Boltzmann
equation)andthereforea significant changein the quasiparticledistribution function. In this reportwe
will treatonly the problemsrelatedto the constructionof kineticequationsfor quasiparticlesin solids
exposedto stronghomogeneousexternalfieldswhenthe programmefor the constructionof nonequili-
brium thermodynamicscanbe fully realized.We will alsoconsiderthe propertiesof the systemsalready
studiedandpredictedby the presentmoment.They aredeterminedby the fact that an intenseexternal
field altersessentiallythe stateof quasiparticlesfor the durationof their collision.

Interestin the quantumphenomenain strong fields was arousedlong ago. Swinger [19] considered
the problemof theprobability of creationof electron—positronpairs generatedby the electricfield from
vacuum in quantum electrodynamics.Exact nonstationarysolutions to the Dirac equationsfor an
electronundera wave field found by Volkov [20] were usedas a basis for the calculationof quantum
transitions[19]. These investigationsdid not only serve as a powerful impetusfor studyingvarious
problemsin quantumelectrodynamics(seeref s. [1—6;21]), but alsoin asenseinitiated the development
of the kinetic theory of solids in strong electromagneticfields. Later on the processesof irradiation,
photogenerationand thoseof annihilationand breakdownof pairs under an intenseplane-wavefield
were examinedin detail (seerefs. [1—5]andthe literaturecited there).The massandthe polarization
operatorsof an electron anda photonunderthe intensefield werebuilt andtheir analyticalproperties
studied [3,4]. A variety of quantumeffects in intense external fields including also along with the
electromagneticfield the stronggravitationalone,was consideredin a numberof workssurveyedin the
monograph [51.The problemconcerningthe forced bremsstrahlungand absorption(nonlinear ones
including),theforcedbiphotonComptonscatteringandthatof electronsin thefield of an intensestanding
waveweredealt with in the studiespresentedin ref. [211.

The typical field of the nonlinearquantum-electrodynamiceffects under which they reach their
optimumvalues,is m2c3Ie (later on we will considerthe Plank constantto be h = 1) [3]. A field of such
intensity performs the work mc2 for the Compton length 1/mc. In contrast to the conditions of
nonlinearityin quantum-electrodynamiceffectsin a solid or plasma,the nonlinearitiesthat occurdueto
the field impacton the interactionof the particles,take placeunderincomparablysmallerfields. Thus,
for example,the effect of the high-frequencyelectromagneticfield in metalson the electron-impurity
scatteringsresulting in the multiquantumabsorptionof the field is significant, as can be easily shown,
evenfor the powerintroduced W> 106 W/cm2providedthat the field frequency(2 < 1011sec~.In the
case of a strong constantelectric field (see sections2 and 5) the phonon kinetics in wide-band
semiconductorsmay havea number of basic peculiaritiesrelated to the field effect on the acts of
electron—phononinteractionsat comparativelyweak intensitiesE ~ 100 V/cm. Thus,in awide region of
externalfields underwhich the kinetic andnonequilibriumprocessesin solids arepracticallystudied,it
provedcurrentlytopical to considerthoseeffectswhich aredueto thefield influenceon the elementary
actsof interactionsof particles.

As hasalreadybeenmentioned,the action of a strong electromagneticwave on a solid or plasma
involvesa changein a very wide rangeof properties.For example,in gasplasmaor plasmaof solids,
parametricalinstability is possibleunderthe actionof the field dueto the build up of the internalfield
of fluctuationswith time. The researchinto the nonlinear propertiesof plasma determinedby the
parametricalaction of the field on plasma,was initiated by the studies[22—24](seealso [8, 10]). As a
consequenceof the changeddispersionpropertiesof plasmadue to the strong field of pumping,the
effectiveinteractionof chargedparticlesmaysignificantly vary too, i.e. the field caninfluencethe actsof
particles interaction not only directly, but also by way of changing the collective properties.These
problemsare coveredin detail in the monograph[9]. A numberof items concerningthe kinetics of
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plasma under strong fields are discussedalso in the monographs [25,26]. In the presentreportwe will
not touchupon parametricinstabilitiessupposingthat either dueto the given conditionstheseeffects
are not realizedor the time of the externalfield action is so small that the correspondingcollective
instabilitiesdo not manageto develop.

In this reportwe will treatonly thoseproblemsof the kinetics of quasiparticlesin solidsin which the
intenseexternalfield determinesto a large extentthe characterof the interactionbetweenquasiparti-
des and therebydeterminesthe explicit dependenceof the correspondingcollision integrals of
quasiparticlesin kinetic equationsupon the field. By now quite a numberof the resultshasbeen
obtainedfor semiconductors(semimetals),ferro- andantiferrodielectrics,ferromagneticsemiconductors
etc. pertainingto thosephysicalsituationsin which onecannotbe reducedto consideringthe impactof
the field only on the statesof quasiparticlesbetweentheir collisions. In other words, thereis a set of
problemsalreadystudiedby the presentmomentwhereconventionalkinetic equations(for example,of
the Boltzmann type) are inapplicableand it is necessaryto go beyond the scope of the simplest
plane-wavedescriptionof the statesof interactingquasiparticles.The evolutionof theseproblemshasa
somewhatshorterhistory as comparedto that of the problemsof quantumelectrodynamicsin strong
fields.

One of the first studiesdealingwith the effect of the externalelectromagneticfield in solids on the
processesof scatteringof electronson impurities or phononswere the works [27—29].However,
quantumkinetic equationsin thesestudieswere consideredonly in the linear field approximation.The
papers [30,31] treatedthe changedprobability of interbandtransitionsin semiconductorsunder a
strongconstantelectric field. It was shownthat the exactaccountof theelectric field in theprobabilities
of the processesleads to a very interestingeffect — the possibility of absorption of photonsof the
frequency(1 at interbandtransitionswhen(1< LI (LI is thewidth of theforbiddenband).Thepaper[31],
in particular,was a vivid exampledemonstratingthat the kinetic approach,using as the basic stateof
interactingquasiparticlesthe exact wave functionsof the particles in the field, mayinvolve important
and nontrivial effects. The papers[32—34](seereferencescited in [35]) alsobelongto the studiesthat
calculatedonly the sectionof the electronicscattering(on impurities or ions) in the presenceof the
stronghigh-frequencyfield.

The systematicresearchinto the quantumkinetic phenomenain solidsunderstrong electromagnetic
fields was initiated in 1969. On the one hand, the quantum kinetic equationswere constructed
describingthe nonequilibriumstatesof electrons(holes)in semiconductorswith the allowanceonly for
the interbandtransitionsdue to the intense high-frequencyfield of the frequency[2>LI [36], on the
otherhand, assumingthat the probabilitiesof interbandtransitionsaresmall (Q~LI) in the caseof an
arbitrarily strong high-frequencyelectromagneticfield (Qr ~ 1, r is the electron relaxation time),
quantumkinetic equationswere obtainedfor the electrondistribution function f,, [37,38] including
intrabandprocessesof electron—phononscattering.In [39] electron-impurityscatteringswere studied
taking into accounttheir changedprobability in the electro-magneticfield. It is importantto notethe
papers[40,41] wherekinetic equationsfor electronsin the strong electro-magneticfield werederived
without allowing for the limitation on the value Or.

In this report we will not dwell on the problemsof kinetics of electronsunderstrong (quantizing)
magneticfields. Someof them areexcellentlydescribedin the studies[42,43].

Furtherdevelopmentof the theoryof kinetic phenomenain the systemsof interactingquasiparticles
in solidsunderstrongexternalfields advancedboth towardsthe growing numberof the systemsunder
consideration(semiconductors,semimetals,ferro- and antiferromagnets,magnetic semiconductors,
etc.), the study of various properties(seesections3 and 5) and the search for more consistentand
universal ways of constructing kinetic equationsproceeding from the most general principles of
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nonequilibriumthermodynamics.We should also note that while carrying out a programmelike this
varioustypes of externalfields were considered(alternatingelectromagnetic,constantelectric field in
semiconductors(semimetals,magneticones included), alternatingmagneticfield in ferro- andantifer-
rodielectrics).In [44] usingthe methodof Zubarev’snonequilibriumstatisticaloperator[45] in studying
the kineticsof electronsdueto the electron—electroncollisions,the kinetic equationsfor the caseof the
strong and, generallyspeaking,inhomogeneouselectromagneticfield were consistentlyderived. Ano-
ther methodof constructingkinetics was suggestedby the authorsof [46—48].It allowed, in particular,
to obtain kineticequationsin a rathersimple anduniversalform both for electronsandphononsin the
electron-impurity,electron—phononsystemsunder the strong alternatingelectromagneticfield, kinetic
equationsfor tunnelling junctions [49] at high oscillating voltages as well as for a number of other
systemsof whichwe will speaklater on. The investigationcarriedout in [46—48]madeit possiblealsoto
formulatethe kinetic equationswithin the limit (2—s0, i.e. for the caseof an arbitrarily strong constant
electricfield (naturally,lessthanZiener’s breakdown).We shouldplacespecialemphasison [50]where
an interestingmethodwas worked out enablingthe derivation of a quantumkinetic equationfor the
spatially inhomogeneousWigner function of the distribution of electronsinteractingwith chaotically
arrangedimpuritiesunderstrong constantelectromagneticfields.

Interestin the discussionof nonlineareffectsrelatedto theimpact of the constantelectric field on the
processesof interactionof electronswith otherquasiparticleswas accountednot only by the effectsdue
to interbandtransitions[31] or intrabandinteractions[46—48,50] in wide-bandsemiconductors(also in
metals and semimetals),but by the extraordinarily interesting peculiaritiesof electron kinetics in
narrow-bandsemiconductors[51,52]. The theory of transport phenomenain semiconductorsunder
strongconstantelectric field was elaboratedin [51,52] (seealsothe referencescited in theseworks). A
generalrelationfor currentwas obtainedvalid for anywidth of the electronband andarbitrarycoupling
of electronswith phonons.Besides,in [51] a graphicaltechniquewas devisedpermitting to get specific
resultsboth for the weakelectron—phononinteractionandfor the caseof asmall radiuspolaron.Within
the strong electric field limit, the authors of the papersmentioned above took into account the
quantizationof the longitudinal motion of electronswhich permittedto arrive at someinterestingand
importantconclusions,namely, to calculate the “jump” conductivity (betweenthe levelsof the Stark
ladder)in the presenceof resonancescatteringon opticalphonons(electro-phononresonance[51]).The
peculiarity of [51,52] is the constructionof stationarytheories.The graphicaltechnique,though,of [51]
doesnot permitto build kinetic equations,i.e. to examinethe evolutionof the systemwith time undera
strongconstantelectric field. Along with thementionedstudies,of greatinterestarethe works [53—551
in which the kinetic equationsfor electronsin the wide-bandcasewere constructedtaking accurately
into accountthe effect of the constantelectric field [53,54] and that of the arbitrarily varying electric
field [55] on the intrabandelectron—phononprocesses.The study [53a]seemsto havebeenthe first to
drawattentionto the fact that kinetics of electronsin semiconductorsunderhigh constantelectric field
can largely be determinedby the durationsof electron—phononinteractionsbeing finite (the intra-
collision effect). We should also note that kinetics of phonons(as well as of other bosons)interacting
with electronstaking into considerationthe effect of the strongconstantelectricfield hasalsoa number
of nontrivial peculiarities. For example,conditions are possible under which the non-Cherenkovian
mechanisms of the amplification of phonons, spin waves and other effects are realizable
[56,57].

Concurrentwith the developmentof quantumkinetic phenomenain solids under strong external
fields somestudiesappearedrecently devotedto the constructionof quantumkinetic equationsfor
plasmaunder strongelectromagneticfield. Theseworks originatedfrom the one by Zeldovich and
Raizer [60] wherefor the first time proceedingfrom the physical considerations,a quantumkinetic
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equation was built for the zeroth harmonic of the spherically symmetrical part of the electron
distribution function including the effect of the high-frequencyelectromagneticfield on the elastical
collisions of electronswith the atoms.The field in [60]was allowedfor only in thelowestapproximation
(the single-quantumcase).The article [58] presenteda stationarykinetic equation(for the zeroth
harmonicof the distribution function) as applied to the ion—electron scatteringin the multiquantum
case.Kas’yanovand Starostin[59] were the first to derive consistentlya quantumkinetic equationfor
arbitrary harmonicsof the distribution function. Though we will not dwell here on the problemsof
kinetics of plasmaunder strong fields, we havenoted the mentionedpapersfor two reasons.Firstly,
theseworks [58—60]serveasan exampleof studyingthe effect of the high-frequencyfieldson the actsof
elementaryinteractionsof particleswhich determinesthe kinetic effectsin the system.Secondly,the
approachto theconstructionof kineticequationsandtheresultsof [58]in particularwerewidelyusedwhen
consideringthe kinetic phenomenain ferromagneticsemiconductors[61—64]exposedto the strong
high-frequencyelectromagneticfield.

Apart from the problemsof studyingkinetic conductingsystemswherestrongelectromagneticfield
determinesthe characterof interactionof the current carriers(electrons,holes)with otherquasiparti-
des, various investigationshavebeenundertakenlately dealingwith the kinetics of quasiparticlesin
magneticdielectrics under strong alternatingmagneticfield. The papers[47,65—70] can serveas an
exampleof the approachaccuratelyincluding the externalalternatingmagneticfield andelaboratingthe
perturbation theory only in terms of weak interaction between the quasiparticles.These papers
presenteda theory of the so-callednonresonanceparallel pumping in ferro- and antiferromagnets.
Theseproblemswill alsobe discussedhere.

All the problemsdescribedbelow are treatedfrom the unified positions, viz, it is believedthat a
problemof a free particle(without interactionwith otherparticles)in the externalclassicalfield admits
of an accuratesolution whereasfor constructing nonequilibriumthermodynamicsof the system an
assumptionof weaknessof interactionsbetweenquasiparticlesis used.

This report doesnot claim to coverall the problemsof kineticsin solidsunderstrongfields. Firstly,
as hasalreadybeensaid,we will not dwell hereon the collectiveeffectsoriginating from the changed
dispersionpropertiesof the system,nor will we considerherestrongconstantmagneticfields. Secondly,
wewill analyzeonly thosekinetic phenomenawhich aremainly attributedto theeffect of externalfields
on the elementaryacts of interactions of quasiparticles.A number of questionsconcerningthe
electronicpropertiesof semiconductorsunderthe intensehigh-frequency(Or ~‘ 1) electromagneticfield
are discussedin detail in ref. [18], thereforein somecaseswe will only refer to the corresponding
studies. Lastly, we will not touchupon the similar problemspertaining to the systemswith pairing
thoughconsiderableprogresshasbeenmadein their studies(see,for example[71—73]).

Thoughthis reportwill mainlyembracethe resultsof the theoreticalinvestigations,the authorwould
like to hope that this reportwill be of interestnot only for thoseengagedin theoreticalphysics,but for
experimentalresearcherstoo.

Unfortunately,in this relatively new, but steadilydevelopingtrendof solid statephysicstheory is far
aheadof theexperiment.Nevertheless,evennowonecanclaim thatthetheoreticalstudyof nonequilibrium
and nonlinearphenomenadueto the effect of intenseexternalfields on the interactionsof quasiparti-
desis very promising andhasresultedin the predictionof extremelyinterestingandimportant(viewed
practically)effects. Someof theseeffects havealreadybeenprovedexperimentally,but the majority of
them still await the experimentalcheck.However,it should alsobe notedthat the ideasarisenin recent
yearsconcerningthe peculiaritiesof quasiparticlekinetics in high externalfields dueto the influenceof
external fields on the elementaryacts of interactionsbetween the quasiparticlesturned out to be
obtainedwhile estimatingsomeexperimentalresultsalreadyavailable.
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The problemsrelatedto the possibility of experimentalrealization of the phenomenadiscussedin
thisreport,andthe analysisof theexperimentalresultsavailableby the presentmomentwill betouched
upon as the material is described.However, we think it expedientto dwell in more detail on the
problemsrelatedto the experimentin a separateplaceof the report,its Conclusion.Section2 contains
the methodsof constructingkinetic equationsfor the systemof weak-interactingquasiparticlesunder
strong external fields and the derivation of equationsfor a numberof concretesystems.Section 3 is
devotedto the descriptionof the propertiesof semiconductors(magneticsemiconductorsincluding)
under high-frequencyelectromagneticfield, both the electron and the boson (phonon, magnon)
propertiesbeing discussed.Section 4 contains the resultsof studyingthe nonequilibriumstatesof
magneticdielectricsexposedto the strong alternatingmagneticfield. The propertiesof the electron—
phonon,electron—magnonsystemsunder strong constantelectric field are consideredin section 5.
Section 6 coversthe kinetic phenomenain tunnellingjunctions of normal metals underhigh voltages
(alternatingvoltagesincluding). As hasbeenmentionedabove, the Conclusiondealswith thoseexperi-
mentalresultswhich havea direct bearingon the problemsexaminedin sections2—6. Also included
arethe most essential,to our mind, ways of possiblefuture experimentalstudies.Apart from this, the
problemsandthe prospectsof developmentof quasiparticlekinetics understrong fielda are outlined.

The authorwould considerhis goal fully achievedif the interestin thisquite peculiartrendin solid
statephysics arousedin the reader(both a specialistin theory and in experiment)after readingthe
reportgaverise to new andintriguing results.

2. Kinetic equationsfor the systemsof weak-interactingquasiparticlesin a strongfield

Oneof the assumptionsthat allow the descriptionof the kinetics of particlesin strongexternal fields
is that of invariability of the aggregatestateof the medium, i.e. the stateof the latter doesnot change
considerablyduring the time of exposureto the field. For example, in the caseof a high-frequency
electromagneticfield the conditionthat quick ionization of atomsshouldbe absent,is expressedby the
inequalitybelow [21]

14 mc(22LI/4i~e2 (2.1)

whereI is theintensityof the actingirradiation,andLI is the energyof the externalelectronlevel in the
atom.

In this sectionwe will first explain the procedureof deriving kinetic equationsfor weak-interacting
quasiparticlesin a strong homogeneousexternalfield having generalizedthe well-known “golden rule”
for constructingcollision integralsin the caseof accurateaccounttakenof the field. We will showthis
usingas an examplethe electron—phononinteractionsunderthehigh-frequencyelectromagnetfield and
the strongconstantelectric field (subsection2.1.1). Thenwe will indicateoneof the ways of consistent
constructionof nonequilibriumthermodynamicsfor the weak-interactingsystemsof quasiparticlesin
arbitrarily strongfields (subsection2.1.2). And, finally, usingthe resultsfrom 2.1.2 we will derivesome
kinetic equationsdescribinghighly nonequilibriumstatesof varioussystems.

2.1. Probabilitiesof transitions

2.1.1
Let usdwell on the motion of an electronin the conductionband(havingformally aninfinite width)

actedupon by the homogeneouselectromagneticfield in the approximationof the isotropic effective
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mass.Choosingthegaugein which the scalarpotential of the field ~ is equalto zero,we will write the
Schradingerequationin the form

ôVi(r~t) = ~ —~A(t)~2 ifr(r, t) (2.2)

where p = —iV is the canonical operator of the momentum,A(t) is the vector potential of the
electromagneticfield.

Since the canonical momentum operator commutes with the Hamiltonian and, therefore, the
canonicalmomentump is the motion integral, the equationwill be solvedin the following way

çli(r, t) = C(t)exp(ipr).

Substitutingthe wavefunction in this form to eq. (2.2) andsolving the correspondingequationfor C(t),
we obtain[74—76]

~(r, t) = exp{i (pr - [dt’ ~- (p - ~A(t’))}. (2.3)

It is implied that the field is includedin the momentof time t = 0.
With the help of the obtainedwave functions one can study now the probabilities of electron

transitionsfrom the statedescribedby the canonicalmomentump to the statep’ exposedto the weak
potential V.

We will first considerthe caseof the high-frequencyelectricfield E(t) = E0 sin fit when the function
iI’(r, t) acquiresthe form of

çb(r, t) = exp{i[pr — E~t+ sinfit — sin2flz’]}

whereE~= e,,+ e
2E~/4mfl2is called the mainvalueof the quasi-energy[77], s,~= p2/2m.

As an examplewe will calculatethe probability of transitionfrom the statep to thestatep’ with the
creationof the phononhavingthe frequencyWq (q is the phononwave vector).The probability of the
transition~ at the momentof time t per unit time is determined[78] by the following relation

~ = ~.j J dr (~‘~‘(r)IVIifr~(r)~J 2 (2.4)

After substitutingthe wave function in the explicit form to (2.4), it is necessaryto calculatethe value

~I dr expfi[(ep — e~+ wq)r — ‘~sin

whichis equalto
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2Jdrcos[(e~— ~p+ Wq) (r — t) — (p’ — p)(sin fir — sin fit)]. (2.5)

To derive a kinetic equation for, say, the electron distribution function f,, in addition to the
probability of the transition(2.4) oneshouldallow, in astandardprocedure,for thekineticbracket(see,
for example, [79]) correspondingto the processesin question.The “golden rule” for constructinga
kinetic equationappropriatefor the caseunderconsiderationmay be written in the form of

= 2 ~M(q)12J dr ~ +L~’qF~6p~~p+q,o}dr e”~, ~ -s—U (2.6)

L~’q= (1 fp)fp’(l + Nq) — f,,(1 — fp’)Nq

L~p~’q= (1 fp)fp~Nq f,,(1 f,,’)(1 + Nq)

where

= cos[(ep — c,, + w~,)(r— t) — ~ (p — p’) (sin fir — sin fit)]. (2.7)

M(q) is the matrix elementof the electron—phononinteraction,Nq is thephonondistributionfunction,
ô~’is the Kroneker symbol, in accordancewith the generalrules for constructingkinetic equations
[43,45], it is assumedin (2.6) that f,, = f,,(r), Nq = Nq(r). The latter considerationis important (see
section3) sincethe probability of the transition(2.4) is in explicit dependenceupon time.

For the convenienceof using the kinetic equation (2.6) in specific problems, we will make a
substitutionr —s ~+ r in it, the kernelsF turning into F beingequalto

= cos[(cp — c,, + w~,)r— ~ (p — p’)(sin fl(t + r) — sin fit)]. (2.8)

In this caseintegration over r is fulfilled within the limit from — t to 0, andthe dependenceupon the
distributionfunctionsis realizedby meansof the argumentst + r, i.e. f = f(t + r), N = N(t + r). Let us
bearin mind now that, in practice,it is expedientto considerthe momentsof time t which are much
greaterthansometypical times r

0 for which preciselythe kinetic stageof thesystemevolutionmanages
to establish,i.e. the stageat which, generallyspeaking,onemaydescribethe stateof the systemwith
the helpof the single-particledensitymatrices(of the distributionfunctions).In the orderof magnitude
the time r0 [43] is equalto

ro — max{1/ë, ro/13, R/5}

where ë is the meanenergyof the particles, i5 is the meanvelocity, r0 is the radiusof interaction,R is
the radiusof initial correlations.At t ~ r0 thelower limit of integrationcan be assumedas equalto —~,
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though, the dependenceof the distribution functions argumentson time through t + r must be,
generallyspeaking,preserved.

We havefinally

= 2~M(q)~2~dre~L~’qF~ôp’qq,o+ L~’qF~8p’~p+g,o},~ -~+0. (2.9)

As is evident, by neglectingthe electric field in the collision integrals and the latter’s time
nonlocality, eq. (2.9) convertsinto a standardkinetic equation[79] describingthe electronandphonon
relaxationtowardsthe thermodynamicallyequilibriumstatewhenexternalfields areabsent.It is clearly
seenfrom the fact that at E0 = 0

f dre~cos(~r)

where5(e) is the Dirac delta-function.
Kinetic equation(2.9) is representedin the form including the canonicalmomentsof electrons.The

transformationfrom the equation containing the gradient-invariantdistribution functions, i.e. the
functions dependentof the kinetic momentumP = p — (elc)A(t) (p is the canonical momentum)is
attainedquite easilyandthe correspondingkinetic equationswill begiven furtheron. Herewe will only
supply the result for the kinetic equationfor the distribution functionsf,, and Nq averagedover the
period of thehigh-frequencyfield [37,38] for the caseof fir ~ 1 (herer is theelectronrelaxationtime).
It may bedemonstrated(seethesupplementin [66])that an equationlike this is obtainedfrom eq. (2.9)
by the substitutionof fk(t + r), .N~(t+ r) includedin the collision integralfor the meanvalues of fk, .N~
which, accuratewithin (flr)~,are actually the zerothharmonics(with respectto oscillations)of the
distribution functions.Eventhe averagedfunctionsfk, Nq describethe “slow” relaxationin the system
anddependonly on the “slow” time t. Thus, averagingis reducedto that of the integralshaving the
form of

J dr e”~cos[Er + ~(sin ul(t + r) — sin fit)]

which areexpressedby the Besselfunction I~(x)as

(-1)~eIm~nIn(/3)Imn(I3){&(E_nfl)+ (—1)”’&(E+ nfl)} (2.10)

where

As a resultof averagingwe haveinsteadof (2.10)
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~ I~(/3)5(E+ nfl)

and,finally, the kinetic equation(2.9) takeson the form (see[37,38])

= 2ir ~ ~ M(q)12~ {[(i — f,,)f~(1+ Nq)

— f,,(1 — fp’)Nq] ôp’.~p_q,Ot5(cp — c,, + + nfl) + [(1 — fp)fp’Nq

— f,,(1 — f,,~)(1+ Nq)] ~p’—p+q,O t5(e,,’ — Ep + (J)q + nfl)}. (2.11)

Eq. (2.11) proved to be exceedinglyhelpful in the discussionof various electronicpropertiesof
semiconductorsunder stronghigh-frequencyfields [18].

Let us considernow, usingthe samesystem,i.e. that of an electroninteractingwith phonons,thecase
of the stronghomogeneousconstantelectric field of the valueE. Accordingto theresult (2.3) thewave
function of electronsundersucha field is given by

t/i~(t) = exp{i [pr — ~-~— (p2t+ eEpt2+ ~e2E2t3)]}. (2.12)

The calculationof the probability of the transition (2.4), as is seen,is reducedto the calculationof
the value

~ jdrexp{i[(cp,_cp+wq)r+e~ P)T2]}~2

which is equalto

2 Jdr cos[(cp — c,, + wq) (r — t) + eE(p’—p) (2_ t2)].

Reasoningsimilarly to the caseof the alternatingelectric field (seeabove)we arrive at the following
kinetic equation(in the representationof the canonicalmomentum)[46,48, 57]

=2~IM(q)12 J dr enT{L~,q~pp,q3p,pq,o+ ~ ~ — +0 (2.13)

where

.1~pp~q= cos{(cp— c,, + wq)r + eE(p—~ T(T + 2t)}.

The absenceof the dynamictermsrelatedto the field in the left-handsideof the kineticequationis
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only the result of the chosen representation.In the absenceof collisions, the electron canonical
momentum(in contrastto the kinetic one)remains,thereforeit is agood quantumnumber.Neverthe-
less, it is often more convenientto usethe kinetic equationhaving a more “conventional” represen-
tation which includes the gradient-invariantdistribution function. In order to passover to the
representationin which the functionsdependon the kinetic momentumP = p + eEtoneshould adopt
the following procedure.Designatingby F(P, t) the gradient-invariantdistributionfunction, we have

f,,(t) = F(P~,t) = F(p + eEt, t)

f,,(t+r)F(p+eE(t+r),t+r)—F(P+eEr, t+r).

Making also certain correspondingsubstitutionsin the kernelsR of eq. (2.13) and using the same
symbols,but regardingf,,(t) as the gradient-invariantfunction andp as a kinetic momentum,we will
presenteq. (2.13) in the form [48]

~+eE~=2~ I dre~M(q)J~
at op ~j

x {[(1 — fp±eE,-) fp±eEr±q(l+ Nq) — fp+eET(l — fp+eEr+q)Nq] Rp,p+q,q

+ [(1 fp±eEr)fp+eEr—qNq _fp+eEi(1fp+eEr_q)(1+Nq)]Rp_q,p,q} (2.14)

where

Rp,p’,q= cos[(cp — c,, + wq)r + eE(p—q’) r2].

We will remind herethat the argumentsin the functionsfk, Nq in the collision integralhavethe value
+ T.

Similarly to the caseof the strong alternatingfield (2.9) the changeoverin (2.14) to the standard
kinetic equation[79]describingrelaxationof the particlesto the equilibriumstatein the absenceof the
externalfield is performedassumingthat the collisionintegral is local in time andneglectingthe explicit
dependenceof the right-handside of (2.14) on the field.

The consideredelementaryprescriptionsfor constructingkinetic equationsallowing for the effect of
externalfields on the actsof the elementaryprocessesof quasiparticlesinteractions,naturally,do not
needsubstitutionby the “first” principles.For thiswe havea numberof consistentmethodssuggested,
for example,in [43,45,80]. Lateron we will demonstrateoneof the possibleapproaches[48]permitting
to obtainconsistentlyandin a rathersimple form generalrelationsby meansof which it is easyin every
specific caseto write the explicit form of the kinetic equation.

Theexamplesof kinetic equationsfurnishedhereandthe onesto begiven in this section(subsections
2.2—2.5) indicate that they can bring about an extraordinarily wide rangeof nonlinear properties.
Nonlinearitiesmay be roughly divided into two types. The first one is related to the nonequilibrium
form of the distributionfunctionsthat must serveas solutionsto the kinetic equations.Such aclassof
nonlinearitiesis the outcome,as is clear,of the kinetic processesthat do not involve the field effect on
the actsof particlesinteraction (see[81—83]).The othertype of nonlinearitiesis relatedmainly to the
apparentfield dependenceof the collision integrals of quasiparticles.In fact, such an apparent
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dependenceis the manifestationof the fact that for the time of quasiparticlesinteraction the field
managesto changenoticeablytheir stateand,therefore,the characterof interactionsalso varies. For
instance,for electronsinteractingwith phononsunder the strong constantelectric field the changed
natureof the interactionshownin the fact that for the time of the phononemissionby the electron(this
time in its orderof magnitudeequalsto w~1)dueto its accelerationin the field the electronsucceedsin
gaining additionalenergyequalto eEq/2mwq.It is quite clear that both typesof nonlinearitiesexist, as a
rule, simultaneously.

The appearanceof the explicit dependenceof the collision integralson the field results in some
importantand nontrivial properties.For example,the field can allow thoseprocesseswhich earlier (i.e.
without field) were prohibitedby the energyand momentumconservationlaws. Such exampleswill be
discussedin sections3—5.

2.1.2. Equationfor the densitymatrix and kinetic equationsfor quasiparticles
Let us assumethat dueto the actionof the externalfield, the Hamiltonianof thesystemis in explicit

time dependenceandcan be divided into two terms

~= ~tC~(t)+V(t) (2.15)

where ~‘C
0(t)is the Hamiltonianof free particles interactingwith the externalfield, for instance

= ~ (c,, + h~(t))aa~. (2.16)

e,, is the spectrumof quasiparticles,h~(t)is the externalfield, (a, a,,) arethe operatorsof creationand
annihilation of the particles, V(t) is the Hamiltonian of the interactionwhich for applicationswill be
regardedas weak.

We will assumealso that at t—s—~ the externalfield is absentandthe systemis in the stateof static
equilibrium and afterwardsthe field is adiabaticallyincluded. In the caselike this, as was shown in
[43,84], onecan build correctly the kinetic equationsdescribingthe nonequilibriumstatesof the system
at arbitrary times. Taking advantageof the method in [84], we will formulatethe equationsin such a
form, startingfrom the assumption(2.15) that the externalfield could be includedexplicitly.

We will introducethe evolutionoperatordeterminedby the relation

OU(t)/at= —i~
1Co(t)U(t), U(0) = U~(0)= 1

U~(t)U(t) = U(t) U~(t)= 1 . (2.17)

Now we will formulatetheergodicrelationfor the densitymatrix p. If it satisfiesthe principle of spatial

weakeningof correlations[85], thenat r—s±~it hasthe following relation

U(r) p U~(r)1~±oo>~(O)(~(O)(~)) (2.18)

i.e. the densitymatrix p is “mixed” to the densitymatrix of aspecialkind [43]
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= exp(fl(y) ~ Xk(1/)’)/k)
k (2.19)

Sp~(O)(~) ‘?k = yk, Sp~(O)(~) = 1.

Here ‘
2k are the operatorscorrespondingto the parametersYk. In (2.18) the parametersy~(T) are

determinedby the densitymatrix p andthe evolution operatorU(r):

(0) ±
Yk (T)~SppU(r)ykU(r).

Furtheron we will dwell only on thosesystemsfor which the following conditionis satisfield:

[~‘
0(t), Yk] = 0

At the endof this sectionwe will supply the resultsfor a moregeneralcasetoo. Thenthe operators~k

commutealsowith the evolution operatorand,thus, in formula (2.19)we have

Yk = SpPYk.

Let yk(t) be an arbitrary time function of t, then it is easilyshown (see[84]) that thereexists the
following identity

p~°~(y(t))— p~°~(y(0))= ] dr U~(t+ r, t) 8p~°~(y(t+ r)) U(t + r, t) ~k(t + r) (2.20)

wherethe double-timeevolutionoperatorU(t, t’) is determinedby the formula

U
1(t+r, t) U(t) U~(t+r).

After these preliminary values of arbitrary density matrices that satisfy the principle of spatial

weakeningof correlations[85], wewill considerthe densitymatrix satisfying the Liouville equation
= i[p, ~

0(t) + V(t)] . (2.21)

We multiply the equationat the left-handsideby U~(t)and theone at the right-handsideby U(t) and
integrateover timefrom —t to 0; then weget

p(t) = U(t) p(O) U~(t)+ i J dr U~(t+ r, t)[p(t + r), V(t+ r)] U(t + r, t). (2.22)

We will use(2.20) wherethe parametersyk(t) arenot definedby the densitymatrix of the system

Yk(t) = Spp(t)Yk, (2.23)



118 VP.Seminozhenko,Kinetics of interactingqua.siparticlesin strong external fields

i.e. theyaretrue valuesof the parametersYk at the momentof time t. Thenwehave

p(t) = p~°~(’y(t))+ U(t) {p(0) — p~°~(Y(O))}U~(t)

+ i] dr U~(t+ r, t) {[p(t + r), V(t + r)] + i op~°ky(t+ r))Lk(t+ r)} U(t + r, t) (2.24)

whereLk(t) is the “collision integral” that determinesthe evolutionof the parameters‘yk(t) with time

dYk/dt = iSpp(t) [V(t), Yk] Lk(t). (2.25)

Let us studythe limiting transitionin (2.24) wheret tendsto —~. Sincewith t = —~, p(—cc)= w (w is the
equilibriumdensitymatrix) and yk(—co)= Sp WY,. then

U~(t){p(t) — p~°~(y(t))}U(t) 0

andconsequently

0 a (O)( (r))

p(O)- p(O)(~(0))= i J dr U~(r){[p(r), V(r)] + i ~ ~ L~(r)}U(r).

Thefinal integralequation[48] for the densitymatrix p is given by

p(t) = p~°~(y(t))+ J dr U~(t+ r, t) {i[P(t + r), V(t+ r)]

— Lk(t+ r) (OP(°)(;(t+ r)))} U(t + r, t). (2.26)

Weexpandthe densitymatrix p(t) overtheinteraction V(t). Thezerothapproximationfor p(t) is the
densitymatrix p~°~(y(t)).As togetherwith the condition [~‘C0,y,.] = 0 the condition [‘9,.,‘9,]= 0 is also
satisfied, then

L~’~(t)= i Spp~°ky(t))[V(t), ‘9k] = 0

Thereforep(t)= ~ + ~U) .. where

pW(r) = i J dr U~(t+ r, t) [p~°~(y(t+ r)), V(t+ r)] U(t+ r, t)

and the evolutionof the parametersYk(t) is definedby the equation
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dyk(t)/dt= L~(t)~ (2.27)

wherethe collision integral~ [44,48] is given by

L~(t)= — f dr Spp~°~(Y(t+r)) [U~(t+ r, t) V(t+ r) U(t+ r, t), [V(t), ‘9k]].

The equationfor the parametersYk(t) is a nonlocal equationsince the collision integral L,.(t) is
determinedby the values of Yk(r) at r< t. However, in anumberof casesthis nonlocality may be
neglected.For example,if the interaction V betweenthe particlesis small (which preciselyis assumed
furtheron) andconsequentlydy,.Idt — V2, then

Y(t+r)=y(t)+rdYIdt+.. -Y(t)+~r%/2

and nonlocality of the collision integral is significant only in higher approximationsin powers of
interaction.If, for example,we considerthe interactionof the particleswith the high-frequencyfield,
nonlocality can be neglectedwhen the frequency of the field (1 4 e (~is the meanenergyof the
particles)(seesection4). Nonlocality, though,is significant whenstudyingthe high-frequencyproperties
for fi — e. An exampleof this kind will be discussedin section3.1.

We havealready consideredthe casewhen the operatorscommutewith the Hamiltonian ~
0(t).

However,the formulaeare easilygeneralizedalsofor the casewhen

[~0(t), ‘9,.] = ak,(t) ‘9’. (2.28)

The integralequationfor the densitymatrix p(t) is hereof the sameform, but the parameters~yk(t)

satisfythe equation

dyk(t)/dt= ~‘~(t) + Lk(t)

where

= iak,(t) y,(t).

The expansionof the valueLk beginswith the first orderover the interaction

Lk(t)= L~(t)+ L~(r)+‘..

L~
1~(t)= I Spp~°~(y(t))[V(t), ‘9,.] (2.29)

andthe collision integral [48,44] is given by

L~(t)= — f dr {Spp~°~(Y(t+ r)) [U~(t + r, t) V(t+ r) U(t + r, t), [V(t),’9,.]]

+ iL~(t+ r)f Spp~°~(y(t+ r)) U(t + r, t) [V(t),’9,] U~(t+ r, t)}. (2.30)
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We haveshownherethe generalrelationsthat makeit possiblefor any specific system,i.e. for any
Hamiltonian,to derivekinetic equationswith anydegreeof accuracyin powersof interactionbetween
quasiparticles.Furtheron we will discusssome systemsof a specialkind from the point of view of
applyingthe resultsof (2.27), (2.30) for concretecalculations.

2.2. Kinetic equationsfor electron—phonon,electron—impuritysystemsin a strong alternatingelectromag-
netic field

We will now obtain kinetic equationsdescribingthe nonequilibriumstatesof the thin metal film
(semiconductoror metal) exposed to the intense electromagneticfield impinging normally on the
surface (for example, superhigh-frequencyelectromagnetic,laser irradiation). For simplicity it is
supposedthat the film thicknessd is much smaller than the penetrationdepth of the field owing to
which we will analyzebelow the homogeneouscase.The main mechanismof electron relaxationis
meant to be the electron—phononand electron—impurityinteractions,the impuritiesbeing chaotically
arranged.

The Hamiltonian of the systemin questiontakeson the form

= ~ c,,a,,~a,,+ ~ Wqb~bq+ ~ F~,,aa,,

+~U(p—p’)aa,,.+ ~ (M(p,p’)aa,,’b+h.c.) (2.31)
p,p’

where(a, a,,) arethe electroncreationand annihilationoperators,c,, = p2/2m,

F,,.,, = —~-~-— (p + p’) A,,.,,(t)+ ~-~--- (~)2A~,,(t), eK 0.

Ag is the Fourier-componentof the vector potential(the gaugeis chosenin such a way that its scalar
potential ~ = 0), U(p — p’) is the matrix elementof the electron interactionwith a randomimpurity,
M(p,p’) = M(q) is the matrix elementof the electron—phononinteraction,(b~,bq) are the phonon
creationand annihilation operators,Wq = sq is the spectrumof phonons,s is the soundvelocity (we
remindherethat h = 1 throughoutthe report), formula (2.31)is assumedto includethe corresponding
summationover the spinsof the electronu and the polarizationsof the phonon A.

Allowing for the spaceinhomogeneityof the problemandregardingthe potentialF as an oscillating
onewith the frequency12, thepart of the Hamiltonian ~~(t) (see(2.15)) relatedto the “free electrons”
andtheir interactionwith the field can be included in the form

= ~ (c,, + F,,(t)) aa,,

where

F,,(t) = A,, cos(flt+Wo), A,, = (—e/mc)(pAo)

~ is the initial phase,A
0 is the potentialamplitude.
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Thus,we obtaina Hamiltonianfor which relation (2.27)holdstrue. We will restrictourselvesto the
considerationof only the secondorder of the nonequilibriumtheory of perturbationsboth for the
electron—impurityandelectron—phononinteractions.

The double-timeevolution operatoraccordingto (2.17)is given by

U(t+ r, t) = exp{_i ~ [c,,r+~(sin(Q(t+ r)+ ~o)~ sin(flt+ Po))] a;a,,}.

So, the calculation in (2.27) is reducedto that of the mean of double commutators.For example,
calculating the collision integral for the phonon distribution function N,.= (bib,.) causedby the
electron—phononinteractions,it is necessaryto studythe averagevalue

~ ([aa,,.b~,[aa~’b4, b~b,.]])
p,p’.q
p,p .q

X J dr e~exp{i[(c,, — c,, + wg)r + A~—A,, (sin(fl(t+ r) + ~ — sin(flt +

here (.. ~, for brevity, standsfor the averagingwith the Gibbs nonequilibriumdistribution.
Since averagingconcernsthe densitymatrix of a special kind (2.19) wherethe set of ‘9-operators

includes a,,~a,,and b~Tbq,we can make useof the conventionalWick-rules assumingthat only the
following pairingsareotherthanzero

+ =1 I,+I~ =~~ra,,a,,—1,,,,, IJqUq’~1 qg’~
LJ

The changeoverto the Wigner space-homogeneousdistribution functions is attainedthrough the
equalities

f,,,,.f,,3,,,,~, Nqg’Nqt5qq’.

The useof the above-mentionedrules culminatesin the following kinetic equationfor the phonon
distribution function Nq

~J dr e~M(q)~
2{(1 +Nq)(1- fp-g)f,, — Nq(1 — fp)f p-g} tp~q,p, ~ ~+0 (2.32)

where

NN(t+r), ff(t+r)

= cos{(c,~— c,, + Wq)r + A,, A,, (sin(f2(t + r) + ~) — sin(flt + ~po))}. (2.33)

Eq. (2.32) as follows from (2.31) is written in the representationof the canonicalmomentumfor the
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distribution function of electrons.The changeoverto the gradient-invariantdistribution function f,,

(whereby p = P — (e/c)A(t)we designatethe kinetic momentum,P is the canonicalmomentumandto
designatethe gradient-invariantdistribution function we preservethe originally used symbol f) is
realizedin the following way [48]

f,,(t + r)—sf,,±,(t+ r), I = ~ (A(t) — A(t + r)) (2.34)

t,,,,—~i’,,,, = cos{[c,, — c,, + Wq + eA(t)( — n’)] + A,, —A~(sin((2(t+ r) + ~) — sin(Ilt +

(2.35)

The equationfor the electrondistributionfunction f,, is derivedsimilarly. The only differenceis that
one should averagethe random-arrangedimpurities. The result for the gradient-invariantdistribution
function (i.e. the function dependentonly of the kinetic momentump) acquiresthe form of

+ eE(t) = ~rn1~){f, A} + ~P){f, A} (2.36)

where

~mP){f A} = -2n ~ J dr e~U(p - p’)12(f,,+t — f,,~+,)F~

F~°~= cos{[c,, — ~ eA(t)~ p’)]r+ A,, A,,~(sin(fl(t+ T)+ ~~)— sin(1lt+c~o))}

the collision integral~ A} coincideswith (2.9), thesubstitutionsof (2.34), (2.35)muststill bemade.
The systemof kinetic equations(2.32), (2.36) enablesthe solution of a wide rangeof problems

concerningthe highly nonequilibrium states of metals (semimetals),semiconductorsunder intense
alternatingelectromagneticfields. It is commonknowledge[81—83]that evenneglectingtheexplicit field
dependenceof the collision integrals, the joint solution for the kinetic equationsfor electronsand
phononsleadsto insurmountabledifficulties. It is possibleonly to constructsomemodel solutions,for
example,for the approximationof the quasi-equilibriumfunction with drift velocity, the approximation
of the effectivetemperature,etc.As for eqs. (2.32), (2.36), theyareincomparablymorecomplicatedand
thereis not any perceptibleprogressin their solution as yet. Nevertheless,a numberof reasonable
physical assumptionsand conditions is possible which permits to carry out the analysis of kinetic
equationsandto considerthepropertiesof the systemdeterminedby the field effect on theprocessesof
interactionof quasiparticles.

2.3. Kinetic equationsfor electronsand magnonsin ferromagneticsemiconductorsin a strong alternating
electromagneticfield

Ferromagneticsemiconductorsare a specialtype of semiconductorswhosepropertiesdependon the
interaction of electronswith the quantaof magneticsubsystems— magnons.Usually as a model for
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describingthe interactionof the conductionelectronswith the localizedspinsthe so-calleds-d exchange
model is used [86—89].This model, evidently, can describethe real physical situationfor wide-band
semiconductorsin a sufficiently adequateway. The effect of the s-d exchangeinteraction on the
conductionelectronseliminatesthe degenerationof spins and the conductionband splits into two
subbandshaving different spin orientations.The subbandsareshiftedin referenceof eachotherfor the
energy

LI = I(S~)

whereI is the exchangeenergy,axisz coincideswith the direction of the meanmagneticmoment,(si)
is the meanvalueof the localizedspin. So, the spectrumof electronsis given by

~ c,,~LI/2. (2.37)

The valueLI as a rule, is in orderof magnitudeof 102÷iO~K.
Anothereffect can be describedratherconsistentlywithin the framework of the s-d exchangemodel.

It consistsin the interactionof electronswith the fluctuationsof the magneticmoment.Such interaction
maybe regardedas the collision of the conductionelectronswith magnons.The main contributionto
the kinetic processesof electron—magnoninteractionsis madeby single- anddouble-magnonprocesses
whoseHamiltonian takeson the form [86]

~em = ~ + ~ (2.38)

where

= ~ ~t3(a1a,,~~bq~p+q_p’,o+ a ~a,, ~bq~,,’_,,+q.o) (2.39)

cye(4) — ,‘ ± t. + 1.. ~ l~
em — w4~a,,ga,,’~vg(/q’Up+q_p’_q’,O -- 11.c.)

p,p,q,q’.~r

here(a~,a,,c,) arethe electroncreationand annihilationoperatorswith the momentump andthe spin
projection o-( ~‘, ~); (b, bq) are the magnoncreation and annihilation operators;~ ~ are the
amplitudesof the s-dexchangeinteraction(~‘~— LI/\/N, cl’~— i/N; N is the numberof elementarycells)
which areusuallyconsideredin the modelas independentof the momentaof the interactingparticles.

In addition to theinteraction(2.38) in thesystemin questionthereare alsoothertypesof interaction,
for example, those between electrons, electronsand phonons, electronsand impurities. For the
magneticsubsystemmagnon—magnon,magnon—phononinteractionsareessentialtoo. When construc-
ting kinetic equationsfor a ferromagneticsemiconductorunder a strong alternatingelectric field, the
electron—impurity and electron—phononprocessesare taken into account as in section 2.2. For a
homogeneousexternalfield the integral of electron—electroncollisions is of the standardform which
doesnot include the field explicitly. This fact, as can be easilyunderstood,follows from the law of the
kinetic momentumconservationfor colliding particles. As for allowance made for other types of
interactions,exceptthoseof magnons,the correspondingintegralswill be discussedin section2.4 since
theyarethe sameboth for magneticconductorsandmagneticdielectrics.



124 V.P. Scminozhenko,Kineticsof interactingquasiparticlesin strongexternalfields

The derivation of the kinetic equations for the electron distribution function in the subbands

f,,r =(a1a,,1), f,,.~=(a~a,,1)and the magnondistribution function N,, (bb,,) is analogousto that
in section2.2. The only differenceis that for deriving kineticequationsa largerset of -i-parametersis
introduced(seesection2.1).They aref,, ~, f,, ~, N,,. The techniqueof calculationsfor themeanvaluesin
formula (2.27) is that the following pairingsareconsideredto be equalto zeroby the Wick rule,

(+) (+) (±) (+) (+) (+) ,, ~,a~7a,,~, a~7a,,1 , ~ UqlJq.

Let us supply now the kinetic equationsonly for the values of the electron and the magnon
distribution functions averagedover the period of the field oscillations [61—63,90]. The system of
equationsfor the caseof fir ~‘ 1 (r is the relaxationtime of electronsandmagnons)is given by

2~I2(eEo(P-2P))l~SI2{(l+N)(lf~)f~
n

— Nk(l —f,,~)f,,~}ô(s,,1— c,, + w,. + nfl) ~,,‘-,,-,.,o +
21T ~ ~ I~

4~2I~(eE(Z2~PP))
n p,p,k,cr

x {(1 + N,.)N,. (1 — f,,.~) f,,,,. — N,. (1 + N,.) (1 — f,,~)f,,~}
x ~(c,,,,— E~’cr+ w,. — w,. + nil) tS,._,.+,,_,,,o (2.41)

where (Uk is the spectrumof magnons(for more detail see [91])which is equalto w~+ O~(ak)
2,in the

isotropicmodel, w~is the activationenergy,& is the Curie energy,a is the latticeconstant,

2ir ~ ~
n p’,k

x{(1—f,,t)f,,.~(1+N,.)—(1—f,,’~)f,,tN,.}

X 6(c,,
1 — c,, ~+ w,. + nfl)

8p-,’+~,o+~ {f, N}, (2.42)

2ir ~ ~ I2 (eEo(P_P~)) i~v
n p’,k

x {(1—f,,~)f,,~N,.—f,,1(1—f,,1)(1+N,.)}

x ~(c,,~ — c,,
1 — ~k + nfl) 8,,,,,.,~,+ ~ {f, N} (2.43)

where

~

n

x {(1 — f,,,,.) f,,,,.(1+ N,.)Nk’ — (1— f,,,,-)f,,,,. (1+ N,.)N,.}

x ô(c,,— c,,~+ w,. — w,. + nfl) ~ (2.44)

Eqs. (2.42) and (2.43) are different since accordingto the Hamiltonian (2.39) the transitionof the
electronfrom the “lower” subbandto the “upper” onedueto the single-magnonprocesses,mayoccur
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only if the spinwaveis absorbed.In the commoncase(i.e. when the high-frequencyfield is not present)
such a processis a thresholdoneandat the temperatureT< LI it is exponentiallysmall. The reverse
process,in accordancewith (2.39), is not athresholdone.This point is oneof the reasonsenablingthe
opinion that both the kinetics of magnonsand that of electronsin ferromagneticsemiconductorsare
largely determinedby double-magnon(2.40) interactions[92]sincetheyare not thresholdones.Under
the conditionsof the electronwarming the effectiveelectrontemperatureTe mayexceedor becomein
the order of LI and in this casethe kinetic phenomenaare mainly determinedby the three-particle
electron—magnoninteractions[88,93]. It is different whenthe processesof electron—magnoncollisions
occur in the presenceof a high-frequencyfield. The presenceof the term nfl in the laws of energy
conservationof the interactingquasiparticles(seeformulae(2.41)—(2.44))evenfor thecaseof T4 LI can
eliminate the threshold characterof the three-particleprocesses(2.39) either at sufficiently high
frequenciesor at a sufficiently greatintensity [63]. Even the kinetic equationsgiven in this section
permit us to studya numberof interestingandbasicquestionssuch as the nonlinearabsorptionof the
intense high-frequencyelectromagneticfield [94], the effect of “defreezing” of magnons[90], the
amplificationof spin waves[63], andalsosomeotherquestionswhich will be touchedupon in section3.

2.4. Kinetic equationsfor magnonsin ferro- and antiferrodielectricsin strong nonresonancealternating
magneticfield

The characterof the action of the alternatingmagneticfield on ferro- andantiferromagnetsis, to a
largeextent,controlledboth by the field polarizationwith respectto the direction of magnetizationand
the relation betweenthe field frequencyfi and the typical frequenciesof spin waves. As for the
orientation of the alternating magnetic field, two cases,as a rule, are distinguished, namely, the
so-called parallel pumping when the alternating field is oriented along the magnetization (of the
ferromagnet,for example)[91] and the so-calledcross-pumping[91,95] when the externalalternating
field is perpendicularto the magneticmomentorientation.For the caseof crosspumping the typical
field frequencyat which nonequilibriumeffects are mostprominent,is the value c~— the activation in
the spectrumof magnons*.If thesefrequenciescoincide, the so-calledferro- or antiferromagnetic
resonancetakesplace (for moredetail see [91,95]). The rangeof characteristicfrequenciesin parallel
pumpingis divided into two regions: (1 > 2cc,, (1 <2c

0. In the first casetheprocessof breakdownof the
spacehomogeneouswave into two spin wavesis believedconceivable

12 = c,. + c_,. (2.45)

where c,. is the magnonenergywith the wavevectork. The process(2.45) enablesthe parametrically
resonanceexitation of spin waves in ferro- and antiferromagnetsand servesas the main channelof
transmitting energy from the source of pumping to the magnonsubsystemin the ideal (without
magneticinhomogeneities)magnets.Thestudyof the dynamic theory of parametricresonancewas the
purposeof the works [96,97]. The kinetic theory of parametricexcitationof spinwavesin ferromagnets
underparallelpumpingis propoundedin [98].

For the magneticfield frequenciesfi > 2c0 the processesof the (2.45)-typeare realized,naturally,
even in the absenceof interactionsbetweenquasiparticles,thereforethis casewill not be tackledhere.
The alternatingfield of sucha frequencyinfluencesthe processesof interactionbetweenthe magnons,
but usuallythis effect is comparativelysmall [66].

* Herein contrastto section2.3, activationis designatedby e~,not by w~.we will preservethesymbol Wg for thespectrumof phonons.
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The situationwhen fi <2cc and the pumpingis parallel, will be of greatestinterestto us. This is
accountedby the following facts.The direct channelfor the absorptionof the field energyby magnons
(2.45) which, in principle,could involve nonequilibriumstates,underthe given conditionsis absentsince
it is prohibitedby thelaws of energyconservation(2.45).Therefore,the absorptionof thefield energyis
causedonly by the interactionbetweenthe quasiparticles(magnon—magnon,magnon—phononproces-
ses, the actionof magnonswith magneticinhomogeneities— impurities,dislocations).The action of the
alternatingmagneticfield on the quantumprocessesof interactionin ferro- andantiferromagnetsbrings
aboutthe nonequilibriumstatesthat mayhavesomeinterestingandunexpectedproperties(section4).

2.4.1. Kinetic equationsforferromagnets
Let us consideraferromagnet(asingle-domainsample,the staticmagneticfield H >4irM0, M0 is the

saturationmagnetization)exposedto the alternatingmagneticfield h(t) = h0 cos fit, parallelto the static
field and to the direction of M0. The Hamiltonianof the systemincluding only the magnon—magnon
interactions*is givenby [91]

= ~ c,,cc,,+ ~ h,,(t) c;c,, + ~ (V1,23c1c2c3+ h.c.)
p p 123

+ ~ W12~c~c~c3c4+~ (W~234c~c2c3c4+h.c.)+~U12c~c2+~(V12c1c2+h.c.),(2.46)
1234 1234 12 12

where

= VA~— B,,1
2, A,, = 9~(ap)2+ c

0+ m sin
2 0,,,

B,, = m sin2 0,, exp(—2i~,,), c
0 = ,a(H+ ~M0), h,,(t)= h~cosfit,

— h 0~(ap)
2+ c

0 + m sin
2 0,,

— ~ ~[(co+ 0~(ap)2)2+ 2(co+ Oc(ap)2)m sin2 0,,]1~~2

hereh
0 is the amplitudeof the alternatingmagneticfield; ~. = gj~o,j~ois theBohr magneton;0,., ço,. are

polar anglesin the spaceof the wavevectors; (ct, c) are the magnonoperators;V1,23, W, W’ are the
matrix elementsof the magnon—magnoninteractions,their notationsareassumedto includethe law of
the momentumconservation,for example, V1,23= V1,23&2_3,o; for the sake of brevity the digital
indices stand for the correspondingmomenta: 1 ~p1, 2 ~ . ., m = 47r~LMo;f3 is the anisotropy
constant;U12, V12 arethe matrix elementsof the magnon—impurityinteractions.

In the Hamiltonian (2.46) we are reducedto the purely nonresonanceterms of the interaction
betweenthe particlesandthe field leavingout a term of the following type

H,,(t)c,,~cii,, + h.c., H,,(t) = H~e~’. (2.47)

It is associatedwith the fact (see[66,68]) that if fl <2cothe processesof excitationof spin waves(2.47)
in the secondorder of the perturbationtheory are forbiddenby the law of energyconservation.The

* Not to encumbertheexplanation,we will considerthemagnon—phononinteractionsin thenext subsectiondevotedto antiferromagnets.It is

alsonoteworthythat the influenceof themagnon—phononinteractionson thekineticsof magnonsin ferromagnets,asarule, is not very significant
[91].For antiferromagnets,though,it is essential.
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inclusionof thesetermsin the higher ordersof the perturbationtheory producesby far lessereffects
thanthosealreadyallowedfor in (2.46)at leastfor the parameter[66]

I fl

\eo—fl/21\HJ

Thus,againwe areconfrontedwith an exampleof the systemwhosekinetic equationsbeingconstructed
can includeexplicitly the strong alternatingfield. Sincethe Hamiltonianof themagnoninteractionwith
the field commuteswith the operatorof the particlesnumber,it is sufficient to provideonly thenormal
averagesf,, = ~cc,,) for consideration((~ ‘), as before, stands for the averagingover the Gibbs
nonequilibriumdistribution).

From(2.27)it is inferredthat oneshouldcalculateonly thefollowing averagesincludedin the kinetic
equation

= ~ J dr e~I~~3(t,t + r)([c~c
2c3,[c~c~.c1’,cc,,]])

t 123123’

+ ~ J dr e~i~~
34(t,t + r)([c~c~c

3c4,[cc~c1c2, cc,,]])
12341234’

+ ~ J dr e~I~~2M(t, t + r) ~[c~c2c3c4,[c~c~.cc1, cc,,]])
12341’2’3’4’

+ ~ f dr e~J~’
2(t t + r) ([c~c

2,[c~c1,cc,,]])
1212’

+ ~ J dr ~ I~
12(t,t + r) ([cic

2, [c~’c~’,c,,~c,,]])+ h.c., (2.48)
1212’

where

~ = — Vi.23V~’..2.3.expfi[(s1_ c2— c3)r+ h?—h~—h~0(t, r)]}

i~~= —Wi2,~W~2,3’4’exp{i[(ci+E2 S3~c4)r+ h?+ h~—h~—h~0(t, r)]}

I~~’ = — ~ W’1?,2,3,~1,exp{i[(es ~ c3— c4)r+h?— h~— h°40(t, r)]}

jç~)1

2 = — ~j
12~j* exp{i[(e — ~)r + 1 2 0(t, r)]}

= — V12V~’.2.exp{i[(ci + c2)r + h~+h~0(t, r)]};
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here

0(t, r) sin I2(t + r) — sin fit

(...)~5ppo(f(t+r))...

po{f} = exp{_~[ln(1 +f,,) — c;c,, ln(’ 1~)]}

the horizontalbar standsfor the averagingover the randomarrangementof impurities[43].
Calculatingthe spursin (2.48)for the caseof the quadriparticleinteractionsis quite a cumbersome

procedure.It may, however,besimplified if the pairingsareplacedimmediatelybelow the commutator
symbol.For instance,

Sppo[a~a~a3a4,a~a~a3’a4’]

= [flf2(1 +f3)(1 +f~)—(1 +fi)(1 +f2)f3f4]81,462,3o3,264,1.

Here we have madeuseof the Bose statisticsand the spacehomogeneousapproximation.Acting
similarly in the caseof the W’-interaction too, upon averagingover the random arrangementsof
impuritieswe obtain [65—68]

= 4~~ I V1,23~
2J dr e~K

1,23(h, t, r) (ô,,3+ ~,,2 — 6,,1X(1+ f2)(1 + f3)fl - (1+f1)f~3}

+ 16~~W1234~
2J dr e~K

12,34(h, t, r) 3,,~{(1 +fi)(1 + f2)f3f4 — flf2(1 + f3)(1 + f4}
1234

+ 12~~~ J dr e~K1,2~(h,t, r) (8,,4+ 3p2 + op3 —

1234

x {fl(1+f2)(1+f3)(1+f4)—fil3f4(1+fl)}

+ 2n~~ I U,,~’I
2J dr en~K,,,,.(h, t, r) (f,,’ — f,,)

+ 2n~~ I V,,,,.~J dr e~~ t, r) (1+f~+ f,,) (2.49)

where
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K~(h,t, r) = ~ (—iy’ ~ Im_n(~j){O+(Ei— nfl)+ (—1)mO_(E
1+ nfl)}

= {(1, 23), (12, 34), (1,234), (12)}, f,. = f,,(t + r)

E1,23= c1 — c2— c3 , E12,34= c1+ c2— c3— c4,

C. — C. — I _10 ,0 jO
‘—‘1,234 — ~ c2— c3— c4 , L~~l2— El ~£2, A1,23 — ri1 — ‘~2 n3

I — IOJ_1

0 ~O ~0 ~ iO iO ~O ~O ~0 ;0.
A 12,34 — 1~1~ ~~2 — Tt3 — l’t

4, A 1.234 — Ii 1 — fi3 — (i4 A12 — Ii ~ n2

for the last term in eq. (2.49) E12 = c1 + £2, A12 = h~+ h~,n is the concentrationof impurities (or the
concentrationof dislocationsif the defectsof the dislocationtypeareanalyzed).

In the caseof a high-frequencyfield (fir. ~ 1, r. is the magnonrelaxationtime), as in the previous
sections,it is not difficult to changeover to the kinetic equationfor thedistribution function “smoothed
out” at the timesz~tsatisfyingthe inequality

r5>>z~t>>fi~.

Viewedformally the procedureof this changeoverconsistsin the substitutionf(t + r) -.sf(t) where t is
the “slow” time and

J dre~K,(h,t, r) . . ~ 5(E,+

It is in this form that equation(2.49) was usedin [65—70]when studyingvarious properties.
The obtainedkinetic equationdescribesboth the changein the overallnumberof magnonsandtheir

redistributionoverfrequenciesundertheactionof the externalpumping.Equation(2.49)alsoallowsfor
the fact that the nonresonancegenerationof two magnonsby the field quantum fi (“through the
impurity”) is perceivabletoo. A processlike this is, certainly, quitepossiblewhen 12 > 2ev. But, as has
alreadybeenstatedin the introductionto section2.4, for thecaseof fl > 2c0 thereis a direct resonance
channel of pumping spin waves. Therefore, it would appear senselessto take into account the
nonresonanceprocessesof magnonpumping andat the sametime not to considerthe nonresonance
processes.In section 4 we will demonstratethat it is not so. If the concentrationsof magnetic
inhomogeneitiesare not too small, the nonresonanceprocessesregardingthe effectivenessof particles
pumpingcan bemuch higher thanthat of the resonanceprocesses.

Let us passover now to thediscussionof the specificityof antiferromagnetswith magneticanisotropy
of the “light-plane”-type.

2.4.2. Kineticequationsfor antiferromagnets
We will dwell now on the antiferromagnetwith magneticanisotropyof the “light plane”-type

exposedto the homogeneousalternating magneticfield parallel to the constantexternalfield lying in
thebasisplaneof the crystal [69].We will concernourselves,as in section2.4.1,with the parametrically
nonresonancecasewhen fl <2z11 (LI1 is the activation of the low-frequency branchof the magnon
spectrumin antiferromagnets).Here, similarly to the casesdiscussedso far, it is not sufficient to be
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confined to the secondorder of the perturbationtheory in powersof eachof the interactionsin the
system (with the field, betweenthe particles),but it is necessaryto analyzeconsistentlythe kinetic
equationsincludingthe “interference”of the particlesinteractionswith thefield andotherparticles.To
put it differently, one shouldconsistentlytakeinto accountthe impactof the alternatingmagneticfield
on the processesof interactionof magnons.

To describethe processesof interactionin the systemof spin wavesandthe interactionof spin waves
with the alternatingmagneticfield, the usualprocedureis to startfrom the following expressionfor the
antiferromagnetic Hamiltonian with the magnetic anisotropy of the “light plane”-type (see, for
example,[99—101])

~ ~2+ ~f+ ~3+ ~C4+~‘C5~+~imp+ ~sd (2.50)

where

= ~ {ckc ,.~c,.+ E,.d,.~d,.}+ ~
k

(cr, c,.), (dr, d,.) are the magnoncreationand annihilationoperatorsof the low- and high-frequency
branches,respectively,

c,.rVLI~+(sk)2, E,.=\/LI~+(sk)2

LI~”~
2H(H+HD)+LIo2, LI~=2,LL2HEHA, s=0Na;

H is the constantexternalfield, HD is the Dzyaloshinskifield, HA is the anisotropyfield, HE is the
exchangefield, 0N is the ordervalueof Ned’stemperature,LI

0 is the activationdueto thesuperfineand
magneto-elasticinteraction,w,, is the phononenergy,(b, bq) arethe phononoperators,

z = ~(1) + ~s(2)

~ describesthe effect of pumping on the magnonsof the lower branch,and ~2) on thoseof the
upperbranch

= ~ {vk(t) crc,. + ~W,.(t) (c,.c_k+ ~

“ (2.51)

v,.(t)= v0,. cos fit,
1,Ok = /LhWH (U

1 = ~t(2H+ HD);

c,.

h is the amplitudeof the alternatingfield.
The Hamiltonians ~W3,~~‘t’4,~sp, ~~Cimp,~‘sd describe three- and four-magnon, magnon—phonon,

magnon—impurity,magnon—dislocationinteractions,respectively.The amplitudesof theseprocessesare
well-known andcan befoundin [99—101].Therefore,for the sakeof brevity, wewill not give themhere.

Since, as a rule, the inequality LI1 4LI2 is observed,the effect of the nonresonancefield on the
magnonsof the high-frequencybranchcan be neglectedat leastwith respectto the parameter(LI1/LI2)

2
[69]. Next it should be takeninto considerationthat in the case12<2LI

1(4LI2), we are interestedin,
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nonequilibriumstateswill mainly occuronly in the systemof low-frequencymagnons.That is why the
Hamiltonians ,, ~ ~ should involve only the parts associatedwith the processesin which the
magnonsof the low-frequencybranchof the spectrum takepart.

The secondterm in (2.51)describesthe parametricallyresonanceactionof the field on the magnons.
In the caseof fi <2LI, the directprocessesdescribedby wk(t) ~ areprohibitedby the law of energy
conservation.These processes,however, as well as the nonresonanceones have influence on the
processesof interactionof magnons.In [69]it was shownthat onemayneglectthisinfluenceatleastfor
(1 4 LI1 andconsideronly the interactionv,.(t) cc,..

Underthe given situationfor constructingthe kinetic equationsdirectly onecan resortto the method
given in formula (2.57). The kinetic equationfor the magnonsof the spectrumlower branchhasthe
form (fir1 ~> 1)

Am
= 4~r~ I~j1,23I

2~I~(—~~)L~
3{fF} (O~,,+ 32,,)

A(2)+ 8ir ~ I~12,34I
2~ (3k,, + O

2,,)L~34{f}
1234 n

A (3)+ 4ir ~ I~1.23I~ ‘~(—~r)(32,, + 33,,)L~3{f,N}

A~4)+ 2~r~ Ix~,,’I
2~ I~(_~~L)L~.{f}

+ 2ir ~ I~,,,,,I2~ i~(_ff) L~j~{f}, (2.52)

wherethe bar standsfor averagingwith respectto the randomarrangementof defects,~ ~12,34are
the amplitudesof three-and four-magnoninteractions,~ ~ is the amplitudeof the magnon—phonon
interactions;x~rare the matrix elementsof the magnoninteractionswith impurities anddislocations,
respectively,

L~
3{f, F} = ((1 +f2)(1 + f3)F1 — (1 + F1)fil3} 3(c2+ c3 — E1 + nfl),

L~34{fi= {(1 + f,)(1 + f2)f3f4 — (1 + f3)(1 + f4)f1f2}3(c, + c~— £3~ £4 + nfl),

L~3{f, N} = {(1 + f2)(1 + f3)N1 — f2f3(1+ N1)} O(c2+ E3~ Wi + nfl),

L~j{f}= {f,,. — f,,} 3(s,,— c,,’ + nfl), (2.53)

f,, (cc,,), .F,, (d;d,,) is the distribution function of the high-frequencymagnons,N~ ~(bbq) is the
phonondistributionfunction

(1) (3) — i (2) — (4) — —A1,23 = A1,23— v02+ v03, A12,34 — VOl V02 V03 V04, it,,,,’ — Vt,,, Vo,,’.

Equations(2.52), (2.53), in principle, can be supplementedwith the similar kinetic equationsfor
phononsand for the upper branchmagnons.Since, however,kinetic phenomenain antiferromagnets
are largely determinedby the low-frequency magnons,it is usually sufficient to be confined to the
equationsfor the valuesof f, N assumingthat the function F is an equilibriumone.
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2.5. Kinetic equationsfor electronsand bosonsinteractingwith themin a strong constantelectric field

We will discussnow the rules of constructingkinetic equationsfor the electron—phonon,electron—
magnonsystemsexposedto the homogeneousconstantelectric field of intensity E.

The kinetic equationsboth for the distributionfunction f,, andthe distributionfunction of bosonsN,,
(phonons,magnons,plasmons)for the caseof the constantelectric field arederivedsimilarly to thoseof
the alternatingelectric field (seesections2.2 and 2.3). Thus, we will not repeatthe whole procedure
here,but do the following: we will makethe limiting transition12 -~ 0 [48] in the formulae of sections
2.2 and 2.3. In the assumptionthat the electron distribution function is dependenton the kinetic
momentum[46—48,56,57] weobtain

=2 ~ J dr e~I~,I2{(1+ N,,)(1 fp+eE~-g)f p+eEr — N,,(1 — f,,+eE~)f,,±eE~-q}

x cosl(c,,_,, — c,, + w,,)r — ~ T2l (2.54)
L 2m j

where~i, is theamplitudeof the electron—bosoninteraction,Wq is the spectrumof bosons,c~= p2/2m is
the electronenergy,f,, = f,,(t+ r).

The kineticequationfor electronsinvolving only the nonelasticinteractionof electronsacquiresthe
form of (2.14).Whenelectronsarescatteredon the chaoticallyarrangedimpuritiesthe kinetic equation
for the spaceinhomogeneousWigner distributionfunction f,,(r, t) [50,48] is given by

~ dre~~U(q)I2{f(r~,p+eET)_f(r_~,p+eEr_q)}

x cos{(c,, — c,,_,,)r+ ~ ~ (2.55)

Kinetic equation(2.54) is substantiallysimplified if one considerssufficiently large times when a
stableregimeis possiblein the system,i.e. one mayassumethe right-handside of the equationhaving
f,, = f,,(t). In this case after the substitution of the variablep + eEr—t’p the kernel of the collision
integral is representedby meansof the Sineand CosineFresnelintegrals:

J dr e~cos(Er+ $r2) = {[~ + S(~)]sin ~2 + [~ + C(I~I)sign(~$)]cos ~2} (2.56)

where~ = E/2\/I$I, C(x), S(x) arethe Sineand CosineFresnelintegrals,respectively.
Though, as before, the equationsremain to be sufficiently complicated, there appearssome

possibility of consideringthe limiting casesof the big andsmall ~.

2.6. Kinetic equationsfor stochasticpumping

A largenumberof problemsin physicsandtheir applicationsin engineeringleadto the studyof the
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systemsof many particles in stochasticfields [102].Though a caselike this, as it may seem,is not
directly connectedwith the problemsdealt with in the given report,we will dwell on them in brief for
the following reason. In reality, the problems of the stochastic field impact on the kinetics of
quasiparticlesand that of the coherentmonochromaticfield (see sections2.2—2.4) on the statesof
quasiparticlesin the presenceof the stochasticprocessesof quasiparticlesand scatteringare largely
analogous.In bothcasesthe absorptionof the homogeneousfield energyby the systemis causedby the
stochasticprocesses.Herewe supplythe resultsof thetheory [103—104]wherethe kinetic equationsfor
the systemsdescribedby the following Hamiltonian,were formulated

~= ~+çc(x,t) (2.57)

where~ is theHamiltonianof thesystemof free particles, p(x, t) is the operatorof the field, stochastic
with time andin space,generatedby stochasticsources.It is assumed[103]that the externalfield is a
steadystochasticprocess.

The kineticequationsfor the single-particleoperatorf characterizingthestateof the systemexposed
to the field is naturally written in the following form

of/at = i[f, ~C0]+ i[f, p(x,t)] (2.58)

wherethe barsstandfor averagingwith respectto the stochasticfield.
The studies[103,104] formulateda methodfor constructingthe perturbationtheory in the stochastic

field ~ enabling the calculation in anynecessaryordersof the secondterm in the right-handside of
equation(2.58).

In the spacenonhomogeneouscasethe following kinetic equationtakesplacein the representation
of the momentumfor the distributionfunction [103,104]

= L~{f}+ L~{f}+ L~{J} (2.59)

whereL~= i(c2 — c1)f12, c,, is the energyof the free particlewith the momentump

L~= i(~2— ~1)f12

*
-‘12 — 12+ 12

A12=_(~~~ fdw {f~. 1(2’ —1’, 2—2’, —w) 3-(w1’2’— )—fl’2’ 1(1 — 1’,2—2’, w) 5-(11’— w)}+ h.c.)

where p~= i, 12 = Ei — c2 1(1—2,3—4, w) is the Fourier componentof the correlation function

1(1—2, 3—4, r) which is determinedas

1(1—2,3—4,r)g(1—2,3—4,r)—~(1—2)~(3—4),

g(1—2,3—4,r) = ~J~-Jd
3x

1d
3x

2 ç~(x1,r) ~o(x2,0) exp(i(1— 2)x1)exp(i(3— 4)x2),

-

p(l —2) = V j d x1 ~‘p(x1)exp(i(1— 2)x1).
The terms, quadraticin ~ in eq. (2.59), correspondto the collision integral.
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In thespacehomogeneouscasewhenf12 = f1312, ~ = 0, the kinetic equationis considerablysimplified

= ~ Jdw (01,, -32,,) (fi —f2) {R(2— 1, -w)+ R(2- 1, w)} 5(12—w). (2.60)

Here it is takeninto accountthat

1(1—2,3—4,a)) = R(1—2, (U)81_2,4_3

andthat the correlationfunction R hasthe inversioncentre,i.e.

R(2—1,±w)=R(1—2,±w).

If the interaction betweenthe particles is allowed for, the kinetic equation (2.60) can be sup-
plementedwith the correspondingcollision integrals in its right-handside. Due to this it becomes
applicableto the descriptionof the nonlinearevolutionof the systemof interactingquasiparticlesunder
stochasticpumping[103].

3. Nonequilibrium properties of electrons and bosonsinteracting with them in a high-frequency
electromagneticfield

Let us considernow the specific kinetic propertiesof the systemswhich stemfrom the equations
given in sections2.2 and 2.3. As hasalreadybeenunderlinedin the Introduction, we will touchupon
only thosepropertiesandeffectswhich aredueto the field impacton the quasistaticinteractions.The
choiceof the material for thissection is largely dictatedby the fact that thereis a report [18]devotedto
the problems of nonlinear electronic propertiesof semiconductorsunder strong electromagnetic
pumping.Therefore,drawing the reader’sattentionto ref. [18]wewill discusspredominantlythe results
obtainedrecently in this sphereand go into the propertiesof ferromagneticsemiconductorsin highly
nonequilibriumstates.

3.1. High-frequencyconductivityof electrongasofsemiconductors.“Linear” effects

It is commonknowledgethat if the externalfield frequencyfi is comparablewith themeanenergyë
of the particle, the quantumapproachis fundamentallyessentialfor describingkinetic phenomena.
Such an approach,as hasbeenshown in sections2.2, 2.3, is basedon the use of the quantumkinetic
equationsof the type (2.9), (2.33)—(2.36),(2.41)—(2.44). In order to seehow essentialevenundera weak
field the impact of the alternatingelectromagneticfield on the acts of the electroninteractionsis, we
will concernourselveswith the simplestsystemwherethe electronsarescatteredon theimpuritiesin an
elastic way. We will calculatethe high-frequencyconductivity of the electrongas in the lowest linear
field approximation.When analyzingthis problem,wewill, firstly, allow for the non-Markoviannature
of the scatteringprocesses,i.e. the time nonlocality of the electron-impuritycollision integral, and,
secondly,the dependenceof the collision integralon the alternatingelectricfield. A procedureof this
kind was madefor the first time in [48].
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The kinetic equationfor the distributionfunction of electronsinteractingwith the impurities in the
field

E(t)=Esinflt (3.1)

accordingto eq. (2.36)in the spacehomogeneouscaseis given by

+ eE sin fit = ~ Jdr e’~j U(p — q)J2(f,,+~(t+ r) —f,,±
4(t+ r)) E,,q (3.2)

where

4 = (cos fit — cos fl(t + r))

F,,,, = cos{~’r— Z[fir cosfit + sin fit — sin(fit + flr)]}

~‘EpEq, Z=eE(p—q)/mfl
2.

In order to be restrictedonly to the linear approximation,one should expandboth the kinetic
bracketin the collision integralandthe kernelF,,,,. The collision integral is finally transformedto

~rnP){fl = I U(p — q)~2J dr e~{(fq(t + r) —f,,(t+ r)) cos

+ (cos fit — cos fi(t + r)) cos~‘r (Ofg(t+ r) — Of~(t+r))

— Z sin ~r (fir cosfit + sin fit — sin fi(t + r)) (f,,(t+ r) — f,,(t + r))}. (3.3)

In obtaining(3.3) the following conditionhasbeenused

~t4~IeIE~j
41 (3.4)

lfip mfij

wherej3 is the meanelectronicmomentum.
Let uscalculatethe currentj of the system

.eVI
~ (3.5)

The conductivity of the systemo andthe phaseshift betweenthe field andthe currentis definedby the
relation

j = oEsin(flt—‘p). (3.6)
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Thus, the procedureis not reducedonly to the harmonicsexpansionof the valuesincludedin (3.3) and
to the expansionof the distributionfunctionsin Legendre’spolynomials:

f,,=f~+f~cos0, 0=(~).

The equationfor the magnitudef~. [48] hasthe form of (f~ = fi, f~ fo)

eEsin fit ~t~=—(~i+~.~j)fi+~~[(~i— v)cos fit— v2sin fit]

- PeEfi2~J dc’V~[fo(c)-fo(c’)] G(c, c’) (3.7)

where

G(c, c’) cosfit [fl-f--O(c — c’)+~(3(e— c’—fl)—3(c — c’+ fl))]

1. 12 1 1+—sinflti , ‘ — ________
2ir Lc—c c—c +fl c—c —fi

£ = c,,, c’ = c,,~,x-’ is the frequencyof the electron-collisionswith impurities,

= —~~Jq
2dq [3(c,,— c~+ fi)+ O(e,,— Eq — fi)]

PlC
2 / 1 1

q dqt — ________lTmp
2J \EpEqfi cpcq+fi

0

If the time nonlocalityof the collision integralis neglectedandonly the F dependenceof the kernel
on the electricfield is takeninto account,the result (3.7), asfor its form, remainsthe same,but v,

0. The magnitudeft,(c) in eq. (3.7) mustbeassumedto be an equilibriumoneasthe changein fo(c)
with respectto its equilibrium type is allowedfor only in studyingthe field nonlineareffects. We will
examinethe nondegeneratecaseunderthe conditionsthat

fl4T,

The caseof fi — T is of greatinterest,though, the analyticalsolution of eq. (3.7) in a situationlike this
is impossible.The calculationof current(3.6) yields the following results[48]

1 2 v/ 4 /fl\] e2ne
UUoIl+1l+ —ijji, o.0 (3.8)

L 3ITT\ 15\/IT ~‘TJJ 3m\/p2+fi2
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(3.9)

wherene is the concentrationof electrons.
The simplest analysis of the above-mentionedresults showsthat in the caseof fi — T it can be

expectedthat the relative correctionsfor the high-frequencyconductivity becomeof the unit order.
Thus, evenin the field linear approximationthe enumeratedeffectscan vary noticeablythewell-known
form of standardkinetic coefficients.

3.2. Nonlinearhigh-frequencyeffectsin semiconductors

We will dwell hereon theproblemof the intrabandenergyabsorptionof thehigh-frequency(fir ~‘ 1)
electromagneticfield in semiconductors.The absorptionof the homogeneousfield by the electronsof
conductionis causedby their stochastizationdueto variousscatteringprocesses:on impurities, acoustic,
optical phonons,etc. The absorptioncan be calculatedusinga kinetic equationof the (2.36)-type.

The energyabsorbedby the systemperunit time by the unit volume is foundfrom the relation

(3.10)

where~~{f} arethe phononcollision integrals,the index i indicatesthe associationwith the definite
type of electronicscattering(on impurities, dislocations,phonons,magnons,etc.), V is the volume of
the system.

The function f in (3.10), in principle, must be chosenas a solution to the correspondingkinetic
equationwhichis the casewith equation(2.36), for example.A problemlike this, however,hasnot yet
been solved in view of its exceedingcomplexity. Considerationwas given only to the problemsof
relativeeffectivenessof variouschannelsof the field absorption.Herewe meanthe channelsconnected
with the electron—impurity, electron—phononand other interactions. For calculating the rate of
absorptionof the field energy(3.10), onemay resortto the following simplifying consideration.Not to
deal with the problemof the typeof the nonequilibriumdistributionfunction, we will assumethe field
to be apulsedonehavingsucha pulsedurationr~that for thetime of the field actionon the system,the
field may be considered,on the one hand, quasistationary(r~~’fl1) and, on the other hand, the
quasistationarystateof the systemis believedto be essentiallyinvariable (r~4 r, r is the electron
relaxationtime). In this case,evidently, the electrondistribution function mustbe substitutedin (3.10).
One more important fact must be also mentioned. A strong electromagneticwave can influence
significantly the scatteringpropertiesof the medium[10], change,in particular,the Coulombscreening
of, say, the chargedionizedimpurities,in semiconductors[105].However, [106]if the variedelectronic
quasimomentumin the scatteringinducedby the field greatlyexceedsthe reciprocalvalue of the Debye
screeningradius,the effect of the chargedscreeningmaybe neglected.

The multiquantumfield absorptionby the electronsof conductionin semiconductorswasexamined
in [106—109,111] (seealsothe referencescited in [18]).The work [106]containsthe calculationsof the
field absorptioncoefficient in semiconductorswhen the main mechanismof the electronicscatteringis
the scatteringon the ionizedatoms.The authorssucceededin representingthe final expressiononly as
the expansionin the small parameter/3 = e2E2/mfi3. The expressionobtained in [106] for laser
irradiation(fl -‘-- 1014_1015 sec1)actuallyholdstrue for sufficiently greatpowersintroducedas the value
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/3 = 1 hasthe correspondingdensityof the energyflux of the orderof 10~W/cm2. The coefficient of the
u-photonabsorptionof intenselight by the currentcarriersin [107]was calculatedfor threecases:the
electronic scatteringon acoustic, optical phonons and ionized impurities. It was shown that the
u-photon absorptioncoefficient dependson the number v of the absorbedquantaquite differently
which enablescomparisonof the effectivenessof various channelsof the field absorptionwithin the
limit of strong fields (a multiquantumcase).The calculationof thefield absorptioncoefficient (by means
of numericalmethods)for the caseof acousticphononswas fulfilled in [108].The authorsof [109]
studiedthe energyabsorptionof the high-frequencyelectromagneticfield in a polar semiconductorat
low temperaturewhenthe scatteringof the electronsby opticalphononspredominatesand the phonon
energyis greatas comparedto the meanenergyof electrons.In addition, wide use was madeof those
regions in the vicinity of the single-photonabsorption thresholdwhen 12 < ~ (Wo is the phonon
frequency)the field absorptionis causedcompletelyby the nonlineareffects. In [111]the rate of the
energyaccumulationby an electron(3.10) was calculatedfor the caseof electron—phononinteractions.

We considernowin moredetail theproblemof theintenseelectromagneticfield usingas an example
the electron—impurityinteractionswhenthe situationis essentiallyamultiquantumone[110].

In accordancewith the kinetic equationfor the electronsinteractingwith the impurities underthe
high-frequencyfield (fir ~‘ 1) the absorbedenergy(3.10)can be representedby

O = 2irn~ ~ c,,I~(~”a2’~)I U(p —p’)I~(f,, -f,,) 3(n12 - c,, + s,,). (3.11)

When analyzingthe multiquantumcaseit is convenientto makeuseof the following approximate
equality [58]

~JdEI~(~)
1o(E) 8(E— nfl) ~r~[~(A)-i-~(—A)], A ~ fi. (3.12)

The transformationof expression(3.11) including (3.12)yields [110]

O fl~~3maJ dppf~Jdrr2IU(r)I2 J dyy0(2p - Ir— 2may~), (3.13)

wherea = eA0/mc.
First we supply the resultsfor the chargedimpurities: I U(r)I

2 = U
0

2/r2 andfor the nondegeneratecase

24912(mT)
112(ma)2, ma24 T

O=n,n~VU~ — (3.14)
2 / Im\ 2

ma
(2ir)~Vir \ ~2T/

wherefle is the concentrationof electronsand

= J dx e_xl.
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In the case of neutral impurities I U(r)12 = U~the field dependencevaries. As before, for the
nondegeneratecasewe have

~
2(mT)h/2(ma)2, ma

24 T

O=nineVUo~ — (3.15)

(2
7~V~(md1)~(a~j~-), ma2~T.

The differencein dependenceof the absorbedenergyon the field value within the limit of strong
fields in formulae(3.14) and (3.15) permits, in principle, to determinethe characterof the electron
interactionswith impurities.Analogouscalculationsfor the caseof gasplasmawere donein [58].

In this sectionwe should also note the studies[112,113] which dealt with the generationof higher
harmonicsby free carriers in semiconductors;[112] containedthe calculations of the nonlinear
susceptibilitythat dictatesthe generationof the third harmonic.An importantresultwas obtainedin
[113]whereit was demonstratedthat when the main mechanismof nonlinearityis the electromagnetic
field impacton the electron—phononinteractionsandthe photonenergyis by far largerthan the mean
electronenergy,the main contributionto the linear susceptibilityis madeby the virtual processes.

Of greatinterestwill be to set the problemconcerningthe propagationof the weakelectromagnetic
wave in the plasmaof the semiconductorexposedto the strong homogeneoushigh-frequencyelectric
field of a different frequency. In the study like this the possibility of investigating extraordinarily
importantnonlineareffectsappears.The essenceof formulatingthe problemis quitesimple.The strong
field changessubstantiallythe probabilitiesof electronicinteractionswith otherparticles(quasiparticles)
andagainstthis backgroundthe “linear” absorptionof the weakwavewhichis determinedby the same
interactionsalso actedupon by the strong field, varies radically as comparedto the quasi-equilibrium
case.Under such a situationone can expect not only the changein the value itself of the “linear”
absorption,but also the changein sign of the weakwave damping.This considerationis essentialfor
studyingthe possibilitiesof amplification(generation)of electromagneticwaves.The propagationof the
weakelectromagneticwaveas againstthestrong oneof a different frequencywas analyzedin [114—116].
For the caseof gasplasmasuch a problemwas surveyedin [117].

For solving the problemof propagationof the weak electromagneticwavewith the frequencyfl2

against the backgroundof the strong wavewith the frequencyfl1, the kinetic equationsdescribedin
section2 must be generalized.This task was fulfilled in [114].For the caseof planepolar waveswhen
(fir, fl2r 41), the kinetic equation[114]for the high-frequencypart of ñ,,, the distribution function of
the electronsinteractingwith the acousticphonons,was representedas

= ~ M(q)~
2~ I,(a

1q) I~(aiq)In(a2q)11(a2q)exp{i[(s — l)fi1 + (f— n)fi2] + i(f— n)co}q

X J dt’ {[~,,+q(1 + N~)— n,,N,,] exp[i(c,,÷,,— c,, — — sfi1 — ffl2 + i~)(t— t’)]

+ [ñp+qNq— n,,(1+ N,,)] exp[i(c,,+,, — E~+ (.Uq — sul1 —ffl2+ i~)(t—t’)]}+ {p—*p — q}, (3.16)
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where ñ,, is the stationarypart of the electron distribution function with respectto the canonical

momentap
a1,2 = eE1,2/mfl~,2.

E1, E2 are the electric field amplitudesof the strong andweak waves, respectively,{p ‘-~p— q} is the
expressionobtainedby meansof substitution from (3.16), ~ is the phaseshift betweenthe waves,

The absorptioncoefficienta of the weak waveis obtainedfrom (3.16) in the form

8ir 2(j(t)E2sinfi2t)
cVcoE2

= ~ M(q)~
2Nqñ,, lI~(a

1q)I~(a2q)3(c,,+,,- c,, - kfi1 - if2) (3.17)
c c0E2 k,t p,q

where~. ..) standsfor averagingover the time, j(t) is the high-frequencycurrent, c0 is the dielectric
permeability,c is the light velocity.

In the lowestapproximationto E2 [114]we arriveat

a = aoF(ai, i.’, K, y) (3.18)

wherea0 is the coefficient of the single-particleabsorption

F(a, 1’, K, y) =~1[y2 cos2y + ~(1— y2)sin2 y] {~(1 + nv)312I~(aKyV1+ nzi)

+ ~ Ii — nvI312I~(aKyVIl- nvl) sign(1— nv)} dy (3.19)

herep = fi
1/fl2, K = \,/2mf2,y is the anglebetweenthevectorsE1 andE2. Within the limit a1i 4 1 and

F 1+j~g(a1K)
2(1+2cos2‘y) v2.

For p ~ 1

F= 1+~(a
1K)

2(l+2cos2y)v312.

Theseresultsdemonstratethat the effect of thestrongelectromagneticwaveinvolvesthe increasein the
weak wave absorption.The above-mentionedformulaepertain to the caseof scatteringon acoustic
phonons.Intriguing resultswere obtainedin [114]for the caseof electronicscatteringon the ionized
impurities.As before,within the limit a

1~4 1 andfor v 4 1 we have
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F 1 — ~(a1K)
2 (1 + 2 cos2‘y)v2.

For v ~ 1

F 1— ~(a
1K)

2 (1 + 2cos2 ‘y) v~112,

i.e. the absorptionis decreased.It shouldbe notedthat the studyof the limit (aiK)> 1 could lead to a
changein the sign of the absorption,i.e. to the possibility of the enhancementof the weak wave.A
problem of this kind hasnot yet beenconsidered.

Interestingpeculiaritiesin the weak wavepropagationas againstthe strong onewere examinedin
[116].The authorsanalyzedthe rangeof field frequencieshigher than that of the electroniccollisions
with the scatteringparticles.The externalfield was assumedto be inhomogeneousandhasthe form of
the longitudinal electromagneticwave. The main result [116] may be summarizedas follows: the
nonlinear interaction of the magnetic field of the weak transverseelectromagneticwave with the
inhomogeneouscurrentgeneratedby the externalfield leadsto the significantdependenceof the weak
wave lengthon the externalfield intensity at the frequencieslower thanthoseof plasma.Of greatest
interestis the fact [116]that the increasedintensity of the externalfield maygive rise to the increased
length of the weak wave andafter somethresholdvalue— to the direction of the wave propagation
changedto the opposite.With the usual n-Ge parameters,but with the concentrationof electrons
n — 1016cm3, T — 10_15 erg, the external field frequency fi -—‘ 1011 sec1, the weak field frequency
~ 10~~sec1,the electric field thresholdvalueis severaltensof V/cm.

3.3. Phononsin a strong electromagneticwave

In addition to the peculiarfeaturesof the electromagneticwavesabsorptionwhen it is accompanied
with the action of the stronghigh-frequencywaveof a differentfrequencyon the systemof interacting
electrons,the problemof the ultrasoundattenuationand the generationof the acousticphononsare
interesting.Sincethisproblemis currentlycentralfor thoseof acousto-electronics,we will dwell on it in
moredetail.First we go into theeffect of “gigantic” oscillationsof the ultrasoundattenuationcoefficient
[118] (ql ~‘ 1, 1 is the free electronpath, q is the soundwave vector).From the kinetic equationfor
phonons(2.32)it is obviousthat the attenuationcoefficient in the presenceof the high-frequencyfield
(fir ~> 1) is equalto

yq = ITIM(q)I2 ~ 12~(~f~2) ~ (f,,+q — fp) 3(cp+q — c,, — w,, + nfl). (3.20)

If fl ~‘ w,, and fi ~‘ qi5 (13 is the meanelectronvelocity), then

y~i2t,(~~) (3.21)

wherey~is the attenuationcoefficientin the absenceof the field.
Thus,with a changein the soundfrequencyand the field intensity the attenuationcoefficient Yq

mayexperience“gigantic” oscillations.Thestudy [18]may providesomeconsiderationsin favourof the
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fact that thereis a certainanalogyto this phenomenonin geometricresonanceobservedwhen sound
propagatingthroughthe sampleis placedin the magneticfield.

A very importantexamplewas analyzedin [119]where the electromagneticpumping did not only
alter the value of the electronicattenuationof ultrasound,but was the condition of interaction itself
betweenthephononsandtheelectrons.Suchaway statingtheproblemis clearfrom thefollowing simple
considerations.For the elementaryactof the phononabsorptionby the electron,the law of energyand
momentumconservationmust be observedsimultaneously.If, for example, q> 2mz3, the processof
interactionsin the secondorder of the perturbationtheory is under such conditionsforbiddenin the
absenceof the field. If the terms nfl areincludedin the energyconservationlaw and the pumping is
involved, theseprocessescan be permittedand the soundattenuationitself can be determined.For the
degenerateelectrongasatq ~ Po Coois theFermimomentum),fi ~‘ c0 (c0 is theFermienergy)it wasshown
[119]in thelinear field intensityapproximationthat electronscan interactwith soundin theregionof the
wavenumbers,

\/2mf+po2_po�q�V2mfi+p~+po. (3.22)

Notethat for q = \/2mfl the attenuationcoefficient(3.20) changesits sign andfor

\/2mf+p~-p0�q�\/2mfl

it becomesnegative.Thus, the effect of ultrasoundamplificationcan occur. In fact, the region of wave
vectorsenablingthe effect belongsratherto that of hypersound.

In [120] muchattentionwas paid to the possibility of amplificationof the optic phononsflux when
the electromagneticfield is present.The parametricresonanceof acousticand optic phononsperceiv-
able in thepresenceof electromagneticpumping,wasinvestigatedin [121].It was shownthat during the
interaction of both types of phononswith the conductionelectrons,parametricalinteraction occurs
which is followed, for example,by the additionaldampingof somemodesandby the enhancementof
otherson condition that the incrementexceedsthe correspondingdamping decrementof electrons.
Another aspectof the effect producedby the intenseelectromagneticfield on the phononsinteracting
with the conductingelectronsis its impacton the processesof generation(emission)of phonons.Sucha
viewpoint is topical for the researchinto the spectralcomposition of phonon emission,the deter-
mination of optimal parametersfor phonongenerations,etc. Sincewe havealreadytackledtheproblem
of phononabsorptionwith the given wavevector,we haveall the rights to raisethe questionaboutthe
phonon peculiaritiesdisplayed during the forced irradiation when the electronic subsystemof the
semiconductoris excitedby electromagneticirradiation. This problemfor the caseof opticalphonons
was given considerationin [122]andfor acousticphononsin [123].

The subjectof ref. [122] was the single-phononprocessesunderthe assumptionthat the electron—
phononinteractionis weak.The field intensity,though,was assumedto be arbitraryand,therefore,the
suggestedtheory was a nonlinearonewith respectto the field. Calculationswerealso madeof the rate
of phonongenerationfor the casewhen the electrongasis nondegenerateandthe electrondistribution
function is of the Boltzmann type. This paper also attachedgreatimportanceto the possibility of
establishinginstability in the systemof opticalphonons.The instability is manifestedin thechangedsign
of their linear (with respectto the electron—phononinteraction)absorptioncoefficient.

The rateof the phonongenerationin compliancewith the kinetic equationfor phononsin the caseof
fir ~ 1 is calculatedfrom the expressionlike
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Gq = 2ir~M(q)~2V~I~(aq)f~j3f,,+q(1 — f,,) O(E,, — Ep+q + Wq + nfl). (3.23)

We now study, using the acousticphononsas an example,the resultsof [123]in the calculationsof
the spectraldependenceof the generationrate (3.23). We will adoptthe following approximations.Let
us assumethat the rate of the electronicrelaxationdueto the electron—electroncollisions exceedsthe
rate of othertypesof collisions which allows us to considerthe function f,, in expression(3.23) to be a
quasi-equilibriumonewith the effective temperatureT [122,123]. Since we care for the fulfilment of
the given condition for electronsat the energiesc,, -‘- c

0+ fi (co is the Fermi level), then, as can be
demonstrated,the requirementappearsto mean the inequality fi ~‘ c0. This inequality, on the one
hand,doesnot needsufficiently high frequencies(for example,laserfrequencies)and, on the otherhand
(at lower frequencies,for instance),picks out for considerationonly semimetalsor semiconductors
whose co is relatively small. In the caseof a pulsedfield thereis not sucha restriction.Herewe supply
the resultsfor the casewhen the externalpumping is relatively weak (or the frequencyis sufficiently
high). Thepart of (3.23), proportionalto the field intensitywhich is the very parameterto determinethe
forced generationof phonons[123],is equalto

Oq = IM)V V (~ Aoq) 1(w). (3.24)

The expressionfor 1(w) in the generalcaseis rathercumbersome.Studyingthe condition fi > CUD (the
Debyefrequency),fi ~- T, we have

I’ ‘~— T ln exp((E(w)— co)/T)+ exp(fl/T) (3 25

exp((E(w)—co)/T)+ 1

where

E(w)= ~ms
2(fi/w)2.

The results (3.24), (3.25) given above indicate that the generationof acoustic phonons occurs
predominantlywith the frequencies

w ? 12\/ms2/2(fl + £0)

which meansthat, if, for instance,12 — 10~~sec~,then w ~ 1013 sec’. We can obtainin this way the
sourcesof superhigh-frequencyphonons.

3.4. Renormalizedelectronicspectrum

The previoussections were concernedwith the impact of intense irradiation on the kinetics of
quasiparticles,i.e. to put it differently, as applied to the damping, on the imaginary parts of
quasiparticlesmass operators.There is another aspect of the problem. In what way does the
electromagneticfield determinedirectly the real partsof massoperators,i.e. the renormalizationeffects
in the quasiparticlesspectrum?This problemwas discussedin [124,126] (seealso referencescited in
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[125]). It was demonstratedin [124] that a changein the electron effective mass causedby the
high-frequencyelectromagneticfield effect on the electron—phononinteractions,may give rise to the
effect of self-inducedtransparencyof the semiconductor.The essenceof this phenomenonis that, if in
the weak field whenthe massrenormalizationeffectscan be neglectedandso can bethe changesin the
plasmafrequencywi,, the relation fi <wi,, for example,is fulfilled, then under the impactof the field
due to the increasingeffectivemassthe intensitymayvary: fl > w~.Thus,the semiconductorbecomes
“transparent”for the externalfield. This point needsamoredetailedinvestigation.To determinethe
nonequilibriumspectrumrenormalizations,it is necessary,similarly to section2, to constructkinetic
equationsfor anomalousaveragesof the typeg,, = (a,,a_,,~,then the true spectrumof quasiparticlesc,,
can be defined(for moredetail see [73,127]) as the oscillationfrequencyof the anomalousaverageg,,.
For the nondegeneratecase and the temperaturedependenceneglected(i.e. the effect of “real”
phononsbeingneglected)the electronmassoperatorfor fir ~‘ 1 takeson the form

1~,,(ao)= ~ M(q)~2~,, — ~ + ~ (3.26)

We embarknow on the study of the resultsfor the caseof dispersionless(optical) phononsw,, = w, the
weak field of aoqmax4 1 usingthe model G/qVV for M(q). The weakfield limit permitsto confineeq.
(3.26) only to the threetermswith n = 0, ±1.

The calculationof (3.26) yields the following correctionsc,, for theelectronspectrum[124]

1 (q
1 + q2 — qo)+ ~ (cos20+ ~) [I — ~ (~_ + i-)] p

2 with fi <cv

mG2a~
~xcp

4~ i 1 111
~ (~a.qo)+ ~ (cos2 6 + ~)(~— ~__)p2 with fi >

whereq~= 2m/w, q~= 2m/(w — fi), q~= 2m/(w+ fi), and 6 is the anglebetweenthe direction of the
electric field andthe electronmomentum.

The anisotropiceffectivemassis determinedby

m*= m(l—a/6)1

where

~ fl<w
m1”2G2 2 q

1 q2
a = 2

3’2i~w312 ~ 2 2 / ~qQ~~\
1—~(aoqo)(2cos 0+l)~,,1—,.,,,~, fl>w.

As is evident from the expressionsgiven above, the externalfield action, in fact, culminatesin the
increasedeffectiveelectronmass.

In [125]the authortreatedthe problemof the electronspectrumusingthe interbandandintraband
transitionsof electrons.

Peculiarfeaturesaredisplayedby the electronspectrumif the effect of the strongconstantelectric
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field on the electronic excitationsis takeninto account.Though the specific problemsassociatedwith
the constantelectric field will be discussedlater in section5, we will nevertheless,furnish the results
obtainedin [126]sincetheydeal with the renormalizedelectronicspectrum.

The expressionfor the real part of the electron mass operatorin the consideredcasemay be
representedby

= -~ IM(q)I2 J dr e~sin{(c,, — Ep~q— w,,)r + ~ r~}, ~ — +0. (3.27)

Let usexaminethe model of deformationinteraction (~M(q)I2= M
0

2q/V) and the acousticphonons.
For calculating(3.27) one can makethe weak field expansionwhen

eIEgD 2 Im m
r
041, r0maxj—y,——m (,qD qDp

whereqD is the Debyemomentum.
The part of (3.27), linear with respectto the field, is given by [126]

= M
2

0(eEp)m
2s
0(~P~_s) (3.28)

2irp

where0(x) is the stepfunction.
It shouldbeemphasizedherethattheelectronspectrumin theelectricfield variesnot dueto theelectron

drift, but dueto the effectof the electron-accelerationby the field for the time of its interactionwith the
phonon.

3.5. Nonequilibriummagnonsunderintenseelectromagneticirradiation

In section2.3 we havederivedthe kinetic equationsfor electronsandmagnonsin a ferromagnetic
semiconductorin casesuch a system is exposedto intense high-frequencyelectromagneticpumping.
Here wewill study someof the effectswhich result from equations(2.41}-(2.43). It shouldbe specified
that for the presentmomentonly a beginning is madefor substantialresearchinto the nonequilibrium
propertiesof ferromagneticsemiconductorsin thosecaseswhen thequantumkinetic equationsallowing
for thefield impacton theprocessesof electron—magnoninteractionsmustbeused.Herewewill discuss
only the questionsconnectedwith the problemof the amplification of spin waves under the high-
frequencyfield and with the pumpingeffect on the nonequilibnumvalue of the magnetizationof the
ferromagneticsemiconductor.In otherwords, we will dwell on thosepropertiesthat arerelatedto the
spin subsystem.

Let us considerthe damping of magnons ‘Yk associatedwith the triple-particle electron—magnon
interactionsin the high-frequencyfield (fir ~ 1) [63]. In accordancewith the kinetic equation(2.41)the
expressionfor the magnondampingmaybe representedby

‘Yk = ~ —f,,±kl)3(E,,±k,J, E,,t Wk+fl’fl) (3.29)
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where A = eE0k/mfi,E0 is the amplitude of the high-frequencyelectric field, and w,~is the magnon
spectrum.

Our task is to investigatewhetherthe conditionsare possibleunderwhich the value 7k due to the
varied propabilities of transitionsinto the field, can becomenegative,i.e. instability may be set in the
system of magnons. Similarly to the previousexamplesconsideredin this section,we assumethat the
faluef,, in (3.29) is a quasi-equilibrium one (the field is pulsed andthe distribution function doesnot
manageto changenoticeably).It is not difficult to checkthat within theweak field limit (A 4fi) onecan
obtainonly a small correctionfor the usuallinear damping.Therefore,we will passover directly to the
multiquantumlimit (A ~‘ fi) [63].In this caseexpression(3.29) is simplified andreducedto

7k = ~I~/’3I~ (f,, ~ — fp±k~)[3(c~+~~ — Ep ~ — — A)+
8(E,,+k ~ — Ep ~ — Wk + A)] . (3.30)

Of special interestis the fact that at A ~ c
0 (the degeneratecasebeingconsidered)onemayneglect

the processesin which photonsareemitted andthus

7k—1TI~/13I
2~(f(E,,t)f(c,,~+WkA))O(c,,±k.l E,,tWk+A).

In the approximationof the stepfunction for the magnitudef, we arriveat the following expression[63]

— m2VIcli
3I

2 (ekE
0

7k— 4irk \mfl Wk (3.31)

andtherefore,thecondition 7k <0 in thiscaseresemblesthe Cherenkovinstability. If YkI >7mm(7mm ~5

the magnondamping causedby othertypes of interactions),the given effect may serveas a way of
amplificationof spinwaves. It might bewell to point out, however,that with so high intensities(A ~- c0,
fi) studiedthe realizationof parametricalinstability of spin wavesis perceivable,but the possibility of
experimentalobservationof the phenomenonin questionis, to our mind, doubtful.

Let us proceed to the discussionof the peculiaritiesof the quasistationarynonequilibriumstatesof
magnonsthat can be obtainedin the ferromagneticsemiconductoraffected by the high-frequency
electromagneticfield. The fact that underthe action of the field the probabilitiesof transitionincluded
into the kinetic equationfor magnons(2.41) are modified, is of basic importancefor studying the
nonequilibriumstatesof the magnonsubsystemas the magnonnonequilibratyoccursnot only due to
the electronenergytransferredto magnons,but also due to the direct absorptionof the externalfield
quantaby magnonsvia electrons.It should be noted that usually nonequilibriumstatesof magnons
were regardedas thoseformedas a resultof the electronenergytransferredto magnons[92].

Let usdwell on the problemwhereof primary importancefor us will be the changein the overall
numberof magnonsbrought about by the high-frequencyelectromagneticfield. Therefore,we will
confineourselvesonly to the analysisof the electron—magnoninteractionsthat do not preservetheir
numberof spin waves[90].

Equation(2.41)indicatesthat the magnonnonequilibratyis dictatedboth by thechangeddistribution
function in the high-frequencyfield and by the direct participation of quantaof the externalfield
changingthemagnonequilibrium distributionfunction (by meansof processesof thetype c,, ~~± c,, ~—

w ±fi). If the time of the externalfield actionon theelectron—magnonsystemr~exceedsthe time Tme Of
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the magnon—electronrelaxation, the electronsheatedby the externalfield manageto transfer their
energyto magnons.If, however,r~< rme, i.e. the field is a pulsedone, the only channelof nonequili-
braty of the magnonsystemarethe processesof direct transferof the field energyto magnons,wewill
assume also that rn>> rmm (rmm is the magnon—magnonrelaxation time), i.e. the quasistationary
nonequilibrium state hasenoughtime to be insertedin the magnon subsystem. Prior to giving the final
results,the conclusionmaybe drawn aboutthe propertiesinherentin the state.

The electronicabsorptionof quantafi of theexternalfield appearsto inducetheelectronictransition
from the lower spin subbandto the upper one(the electronicenergymust increasedueto the external
field absorption),whereasthe electronictransitionfrom the lower subbandto the upperonegives rise
to a kind of extractionof magnonsfrom the sample,i.e. tends to decreasethe overall number of
magnons.

Let usconsiderthe nondegeneratecase[90] andthe single-quantumlimit. We assumethat the state
is a weaklynonequilibriumone, so that the integralof magnon—magnoninteractionscanbe approached
in the r-approximation.Defining thecorrectionfor the equilibrium distributionfunction from (2.41), we
can write the expressionfor the changedmagnetizationrelativeto the saturationmagnetizationin the
form

3M 1 (2lTne\3”2 rmmvo2(eEo)2I~4mT
1 LI T 3 32

(~/vo)2~mT) fl
2 0~a2 (. )

where

I(LI,T)= J dxe~~x+~/T(x+~_1),
4/2T

= a3, a is the latticeconstant, fle is the concentrationof electrons,andI~is the exchangeinteraction
constant.Formula (3.32) is obtainedunder the condition that fi, w

04 T Here are somenumerical
estimates of the effect. At 6~= 150K, LI T 100K, tie 1016, fi ‘~ iO~sec~,F0 = 0.5V/cm, rmm

10 sec,‘sd ~ i0’~sec
1the relativevalueof the increaseof magnetizationis 10 percent. The condition

<rme is easily satisfied since rme, as a rule [92], is much greaterthan 10_6sec. As for taking into
accountthe quadriparticleprocessespreservingthe magnonnumber,it is reducedonly to the additional
channel of changing the magnetization(not nearly so effective) associatedwith the effect of the
stimulationof magnetization[67].

The examplediscussedhere is of interestin the sense that we can clearly seehereto what, at first
sight, unusualeffectsthe exact allowancefor the field maylead in the collision integralsof quasiparti-
des.A similar examplewill be analyzedalso in section4.1.

4. Nonequilibrium statesof ferro- and antiferrodielectrics causedby a strong high-frequency
magnetic field

This sectiondealswith variousmechanismsof excitationof spin wavesin ferro- andantiferromagnets
under nonresonanceparallel pumping (NPP). We will also furnish here the already known results
obtainedin the studiesof the propertiesof magnetsin nonequilibriumstatesunder NPPP.All the
questionsare discussedbelowon the basisof the useof the kineticequationsgiven in section2.4.
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4.1. Nonequilibriummagnetizationofferromagnets

We would like to remind that we will dealhereonly with the field frequencyfi lessthanthe double
activation energyof magnons2c0 so that parametricalresonanceunderparallelpumping is impossible.

A high-frequencymagneticfield (fir. ~ 1, r1 is the magnonrelaxationtime) affectsthe ferromagnet
andgives rise to the nonequilibriumstatein it. Besides,dueto thefact that themagnonrelaxationtime
is final sucha nonequilibriumstatecanbestationary.The degreeof nonequilibratyis dependentbothon
the power introducedin the system (to be moreprecise,of the absorbedfield energy)andon the value
of the relaxation times. In the nonequilibriumstate that is characterizedby a magnondistribution
function f,, different from the Bose (equilibrium) function, the propertiesof the ferromagnetvary and
onemayobservesomevery interestingeffects.

When analyzingthe nonequilibriumpropertiesof ferromagnetsone hasto solve an extraordinarily
complicatedproblem— to find a nonequilibriumdistribution function satisfying the nonlinearintegral
equationin the finite differenceswhich is the casewith the kinetic equation(2.49). It is clear that sucha
problem defies analyticalsolution in the generalcase,moreover,thereis not any significant progress
madein solvingkinetic equationsof the type(2.49). Similarly to the views expressedin [66,68], we will
considerthe weak field limit wherethe analysiscan beconfined only to the single-quantumprocessesin
the field squareapproximation.

,u,h0/fi 4 1. (4.1)

We will first examinethe caseof an ideal (without magneticinhomogeneities)ferromagnet[65,66].
The ferromagnetmagnetizationin the thermodynamicallyequilibrium state[91]is, as is well-known,

determinedby the magnonoccupationnumbersand its temperaturedependenceis attainedvia the
dependenceof the magnondistribution function f,,(T). Being in the nonequilibriumstate, the mag-
netization is determinedboth by the temperatureand the alternating magneticfield amplitude and
frequencysincethe distributionfunction startsto dependon the externalpumping:

M(h, T) = M0— ,~,~ (~u,,~
2+ I VP 2)f~M(T)— 3M (4.2)

whereM
0 is the saturationmagnetization,u,,, VP are the coefficientsof the so-calledBogolubovu-v

transformations[91],M(T) is the equilibrium magnetizationat temperatureT, and3M is the addition
to the magnetizationcausedby the nonequilibriumstate.

In the case of M0 4 H (we remind that H is the external constant field directed along the
magnetization), Iu,,I -—- 1 and jv,,I 41, 50 the nonequilibrium addition 3M to the magnetization is
determinedmainly by the processesinducedby the external field which do not preservetheir magnon
number[65,66]. In the caseunderstudythe kinetic equationcan be written as

af,,/at = ~~‘;,{f,h}+ ~{f} (4.3)

where
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£f~,{f,h} = 4.7~.(H~!!2){~ I V,,,12~
2[(1+f,,)flf2 —f,,(1+f~)(1±f2)]

X [3(c,,— ci — £2~ fl)+ 3(c,, — ci — £2 + fi)]

+ 2 ~ I V
1,,,2J

2[(1+ f,,)(1+ f2)f1 — fpf2(1 + fi)]

x[3(c
1—s,,—c2—fl)+3(c1—c,,—c2+fl)]~

£~, is the usual (see [91]) collision integral for magnonsthat differs only in a factor of the order
of 1 — ~(p,ho/fl)

2which appearsby expandingthe Besselfunction of the zerothorder,

Io2(x)-~ 1_~x2.

Equation(4.3) can be solved only by numericalmethods.Here we examine the stateswhen the
nonequilibriumaddition Of,, to the equilibrium distribution function fo(c,,) is small. In this casethe
r-approximationto the collision integral ~ can be used [66] for determining Of,,. Allowing for the
magnon spectrum in the simplest form c,, = cc,+ O~(ap)2,we may representthe structure of the
distribution function as:

Of,, ~._1(Ei~2) (/~LM) IT ~ ‘{O(c — 3co— 2fl) I dc
1 [(1+f~)

601

x ~ — f1 (1 + fei)(1 + f~61~)] + 0(c — 3c0+ 2fl)

x f dci[(1 + ~ — f6(1 +f~) (1 + f~-~,±~)]

602

+ 2[ f dci ((1 +f~) (1 +f~)f~1 -f6(1 +f61)f~6~)

6Q3

+ J dc’((l + f1) (1 +f61_1+Q)f61—f6 (1 + f11)f61_6+~)]}

where

f� ~fo(c,,), c~i= ~(e— fi) ±~\/(c— Eo)(c — 3ct, — 2fl),

= ~(e + f) ±~V(c — so)(c— 3e0+ 2f), e~= co + ~(2c— c0±fl)
2/(c — £0),

and 0(x) is the stepfunction.
This distribution function has a number of peculiar featureswhich can be associatedwith the

nonequilibriumpropertiesof ferromagnets.Calculatingthe integralsin the explicit form, we can find
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that in different energy regionsthe high-frequencyfield affects the state of magnonsin essentially
different ways. In the low-frequencyregion the field can induceprocessesof the type c1 + £2 ±fi —~ £3

decreasingthe magnonoccupationnumbers.In the region c,, ~ T the numberof magnonsgrows, as a
rule. This concernsthe energylocal changein the states.The integralcontributionof the changein the
distributionfunction to the magnetization(4.2) is given by [66]

OM(h, T) ~ — p~r (pJ~\
2MOT2~ 4 4

M
0 — VM0 ~ — 16ir

3 ~2fi) 0~v
0 (w, xo) ( . )

wherev0 is the elementarycell volume, w = fl/T, x0 = c0/T

I(w, xo) = I(w, xo) + I(—w, x0)

(x—~o)/2±V(x—xo)(x—3xo—-2~o)/2

I I , e”(l—e°’)I(w, xo) = j dx j - dx (ex — l)(ex’ — 1)(e~’~0—

3xo±,., (x—~o)/2—V(x—xo)(x—3xo—2w)/2

A markedeffect occurs when the inequality T ~‘ c~is fulfilled, i.e. under the conditions in which
ferromagnetsare usually investigatedexperimentally.The asymptotic (4.4) at T ~ E~~‘ fi yields the
following expression[65]

OM(h, T) cr ~ (,uho’\
2 (/LM

0’\
2 T T 1

M
0 — 26 IT

3 M
0v0 ~ c0) ~ & ~ o~~ r), u —

In orderto observethe effect of the nonequilibriumsuppressionof magnetizationas well as the related
phenomena,it is preferableto deal with magnetshaving,firstly, a smallexchangeenergy(less or in the
orderof sometensof absolutedegrees)and, secondly,smallactivation energiesc~(for example,films
magnetizedin the plane). Besides,very pure samples are preferablewhoseeigenvalueof the spin
relaxationtime is relativelysmall (r

1 106_107sec1).Equally intriguing, to our mind, is the situation
when the ferromagnetis in the vicinity of the phase transition of the second kind of the spin
reorientationtype. In this casea drastic decreaseof the magnonmode cc,-—’

1tc\/IH~— HIH + LI~takes
place (H~is the field of the spin reorientation,LI0 is the gap due to the magnetostrictioninteraction).
However, not less perceivableis the interval r~

14 fi 4 cc, in which the effect [55] leads to the
nonequilibriumrenormalizationof the transitionfields.

We now turn our attentionto the descriptionof anotherlimiting situationwhen magnoncollisions
with impurities [67] and dislocations[68] are the most frequent,and the nonequilibriumstateof the
magnonsis thereforedictatedby the elastic collisions of magnonswith magneticimpurities.

The kinetic equationincluding the effect of the alternatingmagneticfield on the magnon—impurity
collisions hasbeengiven in section2.4 (formula (2.49)). Weconfineourselves,asbefore,to the caseof
the weak field (4.1) and the high-frequencyapproximation flr~~‘ 1. In contrastto the case(4.3) the
sourceof nonequilibraty associatedwith the magnon—impurity interactionspreservesthe number of
magnonschangingonly their distributionover the momenta.For the momentumisotropic part of the
distribution function, the term relatedto pumping in the kinetic equationcan be expressedin the
nonintegralform. Expandingthe function in terms of the Legendrepolynomial, the equationfor the
isotropic function f

6 [68] (M0 4H) is written in the form
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— n~v0U
2m(~ch\~2~ + ~— f3 (1~ 1 \ — 2 ] —

at — 16IT0~2 ~ c EoL2~ c+fl) VE(c+fi)P6 f

6÷~)

+ \/c - fl - c~[~ ~ c - fi) - Vc(e-fl)]U6 - f6~) 0(c - fi - co)} + ~{f} (4.5)

where £~.(J)designates,similarly to (4.3), the collision integrals due to the nonelasticprocessesof
relaxation; m ~4IT~cMc,,n1 is the concentrationof impurities, U is the constantof the magnon
interactionwith the impurity (in the exchangemechanismof interaction V-—-0~).

With not too small concentrationsof impurities [67] the mechanismof spin waves excitation
controlledby the sourceof nonequilibraty(4.5) is far moreeffectivethanthe mechanisminvolving the
magnon—magnoninteractionsinducedby the field. However, in contrastto the latter, we would like to
emphasizeagain, that the magnon—impurity mechanismonly redistributesthe magnons, over the
energies.It is not difficult to noticethat accordingto (4.5) theabsorptionof the externalfield quantaby
the magnonsystemgives rise to theincreasein themeanmagnonenergyaccompaniedby the decreased
numberof magnonsin the low-frequencypart of the spectrumat the expenseof their increasein the
high-frequencyregion.Speakingin termsof the effective temperature,local with respectto the energy,
this meansthat the general“warming” of the systemis associatedwith the “cooling” of magnonsin the
low-frequencypart of the spectrum.

In spite of the preservedoverall numberof magnonsin the caseunder consideration,the ferro-
magneticmagnetizationin compliancewith formula (4.2) must vary. It remainsnow to be ascertained
what direction such a variation maytake. The structureof the coefficient (Iu,,1

2 + Iv,,12) [91] is such that
it decreaseswith the increasingwavevectorp which indicatesthat the magnetizationresponds,mainly,
to the changein the low-frequencystatesof magnons.

But, as has already been noted, it is in the low-frequency region that magnonsare cooled by
pumping. Consequently,the ferromagneticmagnetizationmay, when the main mechanismof non-
resonanceparallel pumping is the scatteringof the spin waves on the impurities, exceedthe ther-
modynamicallyequilibriumvalue determinedby the temperatureT This phenomenonby analogywith
the correspondingphenomenonin the theory of superconductivity(see[71]) receivedthe nameof the
stimulation of magnetization[67].

If we studythe kinetic equation(4.5) in the r-approximation,then in the caseof fi 42cc,4 T the
relativeincreasein the magnetization[67] is equalto

LI 10~(fl~v~)(fir) (U)2 (/JJz)2 (11) (T) (/-1~Mo)3 (4.6)

where r is the nonelasticrelaxationtimeof magnons.
The effect of the stimulationof magnetizationbeginsto dominatethe effect of suppression[68]with

the concentrationsof impuritiessatisfyingthe inequality

102(njvo) (~f) (U)2 (0)2 1. ~4.7)
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In view of the great value of the matrix element for the magnon—impurity interactions (U — 0. in the
exchange model), the condition (4.7) is actually fulfilled evenwith the sufficiently small concentrations
n1. For example, at T —— 300K, 0~—- 500K, 6uM0 — 0.02K, cc, --‘ 0.3K, the condition (4.7) consists in the
inequality (n1Vo)> iO~.

A more pronounced effect may be expected in the study of the multiquantum case [70]. Modern
experimental facilities make it possible to obtain the fields of the amplitude hc, ~ 102 Oe within the
pulsed regime. So, for the field frequencies fi S io~sec~the situation is realized when the field is
absorbedin the multiquantum way (~Lh0>fi). To examine the changein the ferromagnetic mag-
netizationin the multiquantumcaseis a rathercomplicatedtask. Still, its solution is possiblewith the
sufficiently small concentration of impurities ((n1vc,)4 1) when, irrespective of the big value of the field
(~cho~- fi), the effective constantof the field coupling with magnonsis small [70]. In this case the
following result is obtainedfor the relativeincreasein the magnetization(fi 4 ,ahc,4 c04T)

7c, (niVo) (~i~~) (~~°)(L~)2 (~~M)4T

where~o~lO.
Linear magneticinhomogeneities— dislocations — as contrastedto point magneticinhomogeneities—

impurities — usually influence the processes of spin waves scattering much more effectively [128,129].
Also more effective is the nonresonance parallel pumping dueto themagnon-dislocationinteractions.It
is very convenient to consider the model of ring dislocations arranged chaotically [128,129]. For a
model like this under the condition of fi 42cc,4 T, the effect of increasing magnetizationin the
single-quantumcase[68]is equalto

10~
2(fl,,b2)(R3) (iiMo)3 (iLho)2 (Tr) (4.8)

wheren~is the concentrationof dislocations(the ratio of the full length of dislocationsto the crystal
volume), b is the mean Burgers vector, R is the mean radiusof the dislocationring. For h

0 -‘-‘ 1 Oe,
n~— 108 cm~

2,b — 102 a, R — l0~cm, m/0~— i0~, fi/2co 10_i, T -—- 300 K, r — 10_7_10_8 see, the
relativeincreaseof magnetizationmaybe 10_3_10_2.

The work [130]mentionedthe fact that similareffectsmayshow up alsoin the caseof intensesound
pumping in the ferromagnetif the soundfrequencyfi is less than 2e0. In contrastto the longitudinal
alternatingmagneticfield (having the frequencyfl <2c

0)which, as hasbeenstated, is absorbedonly
due to the processes of magnon interactions, the sound field quanta are absorbed directly due to the
magnetostrictioninteractions.

The processes like
6k + fi —~ c,~lead to the increasedmeanenergyof magnonswith their overall

numberbeingpreserved(fi <2co).The kinetic theory of theintensesoundpumpingeffect on magnons
is developedin [131].We will not go into theseproblemsheresincethey arebeyondthe scopeof the
presentreport. For the sakeof comparisonwe will supply the result [130] for the increasedmag-
netization. For the case of longitudinal sound (qi ~‘ 1) whoseamplitudeis u

0, anddirectedparallelto the
constantmagneticfield, we have

~ (U\2 (fl\
2 (T\ ~.(v~\ (4 9)
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