
Nonequilibrium states in ferromagnetic substances upon 
nonresonant excitation of spin waves by an alternating 
magnetic field 

V. P. Seminozhenko, V. L. Sobolev, and A. A. Yatsenko 

Physicotechnical Institute of Low Temperatures, Ukminian Academy of Sciences 
(Submitted 20 March 1979) 
Zh. Eksp. Teor. Fiz. 77, 2324-2330 (December 1979) 

A ferromagnet subjected to the action of a parametrically nonresonant high-frequency alternating 
magnetic field (7-'40 <2E0sk is the energy of a magnon with wave vector k, 0 is the frequency of the 
field, and T is the magnon relaxation time) applied parallel to the magnetization axis is considered. It is 
shown that such a field leads to suppression of the magnetization of an ideal ferromagnet. The imaginary 
part of the high-frequency susceptibility is calculated. This susceptibility is due to both magnon-magnon 
and magnon-impurity collisions. 

PACS numbers: 75.30.D~ 

Great interest has appeared recently in solid state and 
plasma physics in the investigation of the nonequilibrium 
states of quasiparticles, when the disequilibrium is pro- 
duced by action on the system of a strong nonresonant 
high-frequency field (see, for example, Refs. 1-5). In 
the work of Zel'dovich and ~ a i z e r , '  a kinetic equation 
was written for the electrons in the field of a spatially 
homogeneous high-frequency electromagnetic wave, 
when the electrons are  scattered elastically by the 
atoms. In the work of fipshtein2 and ~ e l ' n i k o v , ~  quantum 
kinetic equations were introduced in the case of a strong 
electromagnetic field acting on an electron-phonon sys- 
tem. The nonequilibrium states of the electronic excita- 
tions in a superconducting film subjected to the action of 
a microwave electromagnetic field, when the basic 
mechanism of stochastization of the electrons i s  pro- 
duced by electron-impurity collisions, were considered 
by ~ l i a s h b e r g . ~  In the work of Kas' yanov and  taros tin,5 
a quantum kinetic equation was written for the case of 
inelastic electron-ion collisions in the plasma. How- 
ever, in the theory of magnetism, studies analogous to 
Refs. 1-5 have not been made to date, s o  far  a s  we 

where 

ep= (A,'- I B, 1') ", A,=& (ap )  '+eo+rn sin' B,. 
B,=m sinZ 8 ,  exp(-Zicp,), eo=2p(H+$Mn),  

h , ( t )  =h,O oos Qt, 

Here ho is the amplitude of the alternating magnetic 
field; p =gp,, p o  is the Bohr magneton, 0, is the Curie 
energy; a is the iattice constant; 8, and cpk a r e  the polar 
angles in the wave-vector space; c; and c, a r e  the crea- 
tion and annihilation operators of magnons with wave 
vector p; the laws of momentum conservation a re  as- 
sumed to be incorporated in the corresponding designa- 
tions of the amplitudes (see Ref. 7) of the interactions 
V, W, W', m =4npM,. 

know. This raises the question of the nonequilibrium In the Hamiltonian (1) we have limited ourselves to 
states of magnons in a ferromagnetic substance located only purely nonresonant components of the interaction of 
in a strong alternating magnetic field. the particles with the field, omitting the component of 

It is well known that a t  51 > 2 ~ ,  (case of parametric type 
resonance, see,  for example, Ref. 6), a t  a sufficiently 
intense alternating magnetic field, an instability devel- 
ops relative to processes of the type 51- E, +E+, lead- 
ing to the nonequilibrium states of the magnons. In the 
case SZ < 2E,, there a r e  no direct processes which lead 
to the absorption of energy of the external field' and the 
spin system can be excited only because the magnons 
interact with one another, with impurities, and s o  on. 

H , ( t ) c , ~ c ~ , + +  H.c. 

This is caused by the fact that, under the condition 51 
> ~ E ~ ( E ,  = E,, k =0) the processes of excitation of the spin 
system in second-order perturbation theory in the field 
a r e  forbidden by the law of energy conservation, while 
account of such terms in higher order perturbation the- 
ory gives much smaller effects than those already taken 
into account in (1) through the parameter 

In this work, we have considered nonequilibrium (M,IH)2  (62/eo)'<i. 
stationary states of magnons, due to magnon-magnon 

(2) 
To construct the kinetic equation for the magnon dis- 

and magnon-impurity interactions, in the case 2c0 > 51 
>> 7-1. tribution functionf, we can, for  example, carry out a 

canonical transformation of the Hamiltonian (1) with the 
We consider a ferromagnetic substance (one-dimen- aid of the unitary operator 

sional sample, H > 4rM,) located in an alternating mag- 
netic field parallel to the static field H and to the equil- U = S X ~ {  -i sin a c P + c p  1 , (3) 
ibrium direction of magnetization Mo. The Hamiltonian P 

of the system of magnons can be written in the form7 thus transforming the time dependence [realized through 
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hp(t)] into a Hamiltonian of the relatively weak interac- 
tion of the particles with one another and with the im- 
p ~ r i t i e s . ~  In such a procedure, the field can be taken 
into account exactly, and the perturbation theory is de- 
veloped in terms of the weak magnon-magnon and mag- 
non-impurity interactions. Limiting ourselves to sec- 
ond order perturbation theory in the interaction, we get 
the following kinetic equation for the zeroth harmonic of 
the distribution function (07 >> 1): 

where J,(x)  is a Bessel function and ni is  the concentra- 
tion of the impurities. 

In the derivation of Eq. (4), we took it  into account that 
the oscillating part of the distribution function f, i s  
small (see the Appendix). Quantum kinetic equations 
similar to (4) have been studied previously1'5 for other 
systems under the condition 9 ~ > >  1. In the Appendix, 
and also in Ref. 8, a kinetic equation is given for a fer- 
romagnetic substance, which enables one to consider 
arbitrary harmonics of the distribution function. Equa- 
tion (4) makes i t  possible to consider a wide circle of 
problems in which account of the nonequilibrium station- 
ary states is important. 

We shall be interested below in the relatively weak 
field 

when we can restrict  ourselves (in the quadratic approx- 
imation in the field) to single-quantum processes only. 

Equation (4) shows that the external field induces pro- 
cesses that proceed with nonconservation of the number 
of magnons. This means that the magnetization of the 
ferromagnet, which is defined by the equality 

M(h,  T) = M o - p  Ef., (5) 
P 

changes in the nonequilibrium state in comparison with 
the thermodynamic equilibrium value that corresponds 
to the given temperature T. Since, a s  a rule, the prob- 
ability of triple magnon-magnon interactions i s  greater 
than the probability of quadruple interactions accompan- 
ied by a change in the number of magnons,' we analyze 
only the contribution connected with processes of the 
type El +E2 r &,* 9. As to the other interactions, which 

a r e  described by the Hamiltonian (I), they, conserving 
the number of magnons, do not have any effect on the 
magnetization but of course also determine the a b s o r p  
tion of the energy of the external field, which leads to a 
redistribution of the magnons in p space. 

With account of the remarks made above, we solve 
Eq. (4) in the stationary case in the T approximation. 
Substituting the solution in (5) we obtain the following 
expression for the relative change in the magnetization: 

where 6fp is the nonequilibrium correction to the Bose 
distribution function of the magnons, vo is the volume of 
the elementary cell, w r D/T, x ,  = C ~ / T ,  

As is seen, a noticeable effect should be expected upon 
satisfaction of the inequality T >> so ,  i.e., under condi- 
tions in which ferromagnets a r e  usually studied experi- 
mentally. In the case T >> co >> D we get 

As i s  seen from formula (7), for the experimental ob- 
servation of the effect of suppression of the magnetiza- 
tion, and also of the phenomena connected with it, the 
most preferable magnets a r e  those with, f irst ,  a small 
exchange energy (more or  less of the order of several 
dozen degrees Kelvin) and, second, with small activa- 
tion energies so (for example, films magnetized in a 
plane). Moreover, very pure samples a re  desirable, in 
which the characteristic time of spin-spin relaxation i s  
relatively small (7- l0~-10-' sec). We regard also of 
interest the situation in which the ferromagnetic mate- 
rial  is close to a second order phase transition of the 
spin-flip type. In this case, there is  a strong lowering 
of the magnon mode E,, - p ( I H~ - H I  H+ A:)"~ (H,  is  the 
spin-flip field, A, is the gap due to the magnetostrictive 
interaction), and the nonequilibrium states of the mag- 
nons should have a significant effect on the transition 
fields. 

As has already been pointed out above, the energy of 
the external alternating field goes into maintaining the 
nonequilibrium state of the magnon system. We now 
calculate the value of the absorption due to triple mag- 
non-magnon and magnon-impurity interactions. The ab- 
sorption of nonresonant energy of the alternating field 
was considered earlier9 in the case DT<< 1; here we 
shall be interested in the opposite limiting case. Defin- 
ing the energy Q absorbed by the ferromagnet per unit 
time a s  TS, where S i s  the entropy of the nonequilibrium 
gas of magnons, and noting that, on the other hand, 

we obtain the following result for the imaginary part of 
the high-frequency magnetic susceptibility X" due to 
triple magnon-magnon interactions a t  T >> Go >> 52: 
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At /~M,-0.1 K, c0-2K,T-300 K, 8,-500 K, 52- 107sec*, 
we have X =  10" which, as is seen, can manifest itself 
significantly in the experiment. We note that our result 
(8) differs from that givenby Lutovinov and Che~he tk in , '~  
owing to their not entirely correct calculation of the ef- 
fective vertices, as is easy to prove. 

A larger value of the absorption can be obtained by 
considering a f erromagnet with impurities. The quanti- 
ty X" due to magnon-impurity collisions, can be repre- 
sented in the form 

under the conditions M o  << H, T >>Eo >> 52. We now esti- 
mate the order of the absorption in the given case. At 
ni-102'cm3, Oc-500K, nz- l K ,  r,,- 2K, t  -300K,U"Oc, 
52- 107sec-', the value of X" amounts to 10" in order of 
magnitude. Thus, the interaction of the magnons with 
the impurities, which leads to the possibility of param- 
etric nonresonant absorption of the alternating magnetic 
field, can result in a significant absorption of energy. 
Experimental verification of the quantities considered in 
the present work would, in our opinion give interesting 
information on the mechanisms of nonresonant excita- 
tion of spin waves in the nonequilibrium state. 

The authors thank V. G. Bar'yakhtar, V. V. Eremenko, 
M. I. H Kaganov, S. V. ~eletminski ' l  and V. M. Tsuker- 
nik for useful discussions of the results. 

APPENDIX 

When the frequency of the alternating magnetic field 
51 << T,'= ( E )  ((c) is the average energy of the magnon, 
for example, of the order of T) a t  times t >> TO, the kin- 
etics of the magnons can, as is known, be written with 
the help of the distribution function f,, "smoothedJ' over 
intervals At 2 (&)-I. In the case of weak coupling, i t  can 
be shown8 that the kinetic equation for the system de- 
scribed by the Hamiltonian (1) has the form 

where 
0 

R, (h, Q, t )  = dr em cos (E,r+hi[sin Q (t+r) -sin Q t ] }  
- * 

This equation is valid a t  any value of the parameter 
S ~ T  (but, of course, in the case Or,<< 1). We now show 
that at fir>> 1 the oscillations of the distribution func- 
tion can be neglected and thus Eq. (A.l) goes over into 
Eq. (4) for the zeroth harmonic. 

For brevity, we consider only the impurity part of the 

generalized collision integral. Representing f, in the 
form of the sum 

where ff" i s  a function that changes slowly over inter- 
vals n-', and carrying out the substitution in Eq. (A.l), 
we obtain an equation of the following form for the first  
harmonic of f;" in the r approximation 

where 

Using the definition of r we s e e  that, in absolute value, 

[here A, i s  determined by the ratio of p, to l / ~ ( ~ ) ] .  
Thus, we have from (A.2) a t  527 >> 1, 

The function A, has a rather complicated dependence 
both on X and on p. We give estimates for E , " E ~  when, 
in the case of equilibrium in the system, the function 
fjO' is maximal (and consequently, fjl' is also maximal). 
In the case of strong fields, when X >> 1, after rather un- 
complicated calculations, we obtain 

The case X << 1 is the simplest, since here we can carry 
out the expansion in (A.2) and obtain 

In conclusion, let us make one more remark. In the 
case Or S I ,  a s  i s  seen from the investigation that has 
been carried out, consideration of the kinetic equation 
in the form A (A.l) i s  required from first  principles. 
In this case, for a real  experimental situation, fields 
a re  easily achieved in which pho>> O, i.e., when the ex- 
ternal field enters in sufficiently nonlinear fashion in 
the equation. It should also be noted that a t  Or>> 1 a 
reasonable condition is p ha >> O under multiquantum 
processes must be taken into account in the equation for 
the zeroth harmonic of the distribution function. 

'R. Ya. B. Zel'dovich and Yu. P. RaIzer, Zh. Eksp. Teor. 
Fiz. 47, 1150 (1964) [SOV. Phys. JETP 20, 704 (1965)l. 

'E. M. ~ ~ s h t e h ,  Fiz. Tverd. Tela (Leningrad) 11, 2732 (1969) 
[SOV. Phys. Solid State 11, 2213 (1970)l. 

3 ~ .  I. Mel'nikov, Pis'ma Zh. Eksp. Teor. Fiz. 9, 204 (1969) 
[JETP ,htt. 9, 120 (196911. 

'G. M. Eliashberg, Zh. Eksp. Teor. Fiz. 61, 1254 (1971) - 
[Sov. Phys. JETP 34, 668 (1972)l. 

%. A. Kas'yanov and A. N. Starostin, Zh. Eksp. Teor. Fiz. 

1121 Sov. Phys. JETP 50(6), Dec. 1979 Serninozhenkoetal. 1121 



76, 944 (1979) [SOV. Phys. JETP 49, 476 (1979)l. 
%. E. Zakharov, V. S. L'vov, and S. S. Starobinets, Usp. 

Fiz. Nauk 114, 609 (1974) [Sov. Phys. Uspekhi 17, 896 
(197511. 

'A. I. Akhiezer, V. G. Bar'yakhtar, and S. V. ~eletminski i ,  
Spinovye volny (Spin waves) Nauka, 1967. 
'v. P. Seminozhenko and A; A. Yatsenko, Teoriya 

nera~ovesnykh sostoyanii sistem pri parametricheskom 
vozbuzhdenii sil'nym peremennym polem (Theory of 

Nonequllibrium States of Systems in the Parametric 
Excitation by a Strong AlternatingField) Preprint ITF-78-51P 
Kiev, 1979. 

9 ~ .  I. Kaganov and V. M. Tsukernik, Zh. Eksp. Teor. Fiz. 
37, 823 (1959) [Sov. Phys. JETP 10, 589 (1960)l. 

I%. S. Lutovinov and V. R.  Chechetkin, Zh. Eksp. Teor. Fiz. 
76, 223 (1979) [SOV. Phys. JETP 49, 114 (1979)l. 

Translated by R. T. Beyer 

Effect of electron-lattice interaction on the formation of 
the equilibrium structure of a metal 

V. V. Avilov 
L. D. Landau Institute of Theoretical Physics, USSR Academy of Sciences 
(Submitted 21 March 1979; resubmitted 10 June 1979) 
Zh. Eksp. Teor. Fiz. 77, 2331-2346 (December 1979) 

The calculation of the derivatives of the total energy of a metal with respect to the lattice parameters is 
investigated. Since direct differentiation of the perturbation-theory series leads to infmite corrections 
when the Fermi surface is tangent to the Bragg plane, a program for the direct calculation of the 
derivatives is sought. Particular attention is paid to the tangency of the Fermi surface to an edge of the 
Brillouin zone. It is found that differentiation with respect to the parameter y = c / a  that describes the 
oblateness of the lattice is finite, and that the correction for the intersection of the edge is of the order of 
W ' I 2  (W is the electron-lattice interaction constant). The derived equations are used in the analysis of the 
stability of the strongly anisotropic structure of metallic hydrogen. It is shown that upon closer analysis 
the simple hexagonal structure predicted within the framework of ordinary perturbation theory to be 
metastable at zero pressure can be metastable only under pressure. 

PACS numbers: 63.90. + t 

The pseudopotential method i s  now used successfully 
to calculate the cohesion energy of metals; many papers 
are  devoted to the principles of the method, to the sel- 
ection of the pseudopotential, and to the calculation of 
the properties of various metals.'*' A number of ques- 
tions, however, call for additional study, particularly 
the question of the correct assessment of the role of 
the electron-lattice interaction in the formation of the 
anisotropic metallic structure. The point is that the 
electron-lattice interaction constant of a number of 
metals cannot be regarded as  small and it  becomes nec- 
essary to take into account higher orders of perturba- 
tion theory, the thirdS and even the fourth. The sit- 
uation is made more complicated by the fact that when 
this constant increases energy considerations favor the 
formation of highly anisotropic structures7 for which it 
i s  important to take correct account of the intersection 
of the Fermi surface with the faces and edges of the 
Brillouin zone. It is known that perturbation theory 
leads to infinite corrections for the band energy ~ ( k )  if 
the wave vector k is close to a Bragg plane. If, how- 

simple perturbation theory no longer permit calculation 
of the derivatives of the total energy with respect to y. 
The derivative calculated in this manner becomes in- 
finite when the Fermi sphere i s  tangent to a Brillouin- 
zone face o r  edge. Calculation of the energy for one 
Bragg plane without the use of perturbation theory 
leads, of course, to a finite derivative. 

The purpose of the present paper i s  the calculation of 
the total energy and its derivative with respect to the 
parameter y in the case when the Fermi surface is tan- 
gent to an edge of the Brillouin zone. To this end we 
consider in detail the singularity of the produced in the 
state-density curve by the presence of the edge, and 
determine the parameters of the Van Hove singular 
point. It is shown that the derivative with respect to 
the parameter y has a finite correction of the order of 
W5I2 (W is the electron-lattice interaction constant), 
and the question of the stability of the spectrum in the 
case of a tangent edge is determined by the competition 
between the various contributions to the total energy. 

ever, this energy i s  integrated over the states within The obtained procedure i s  used to analyze the stabil- 
the Fermi sphere, the result i s  finite and, a s  shown by ity of a simple hexagonal (SH) structure of metallic 
a this method can be used to hydrogen, in view of the mentioned difficulties encoun- 
the correction to the total energy in the second1*' and tered in the perturbation-theory calculations. The 
third4 orders of perturbation theory. electron-lattice interaction parameter of metallic hy- 

The search for the energywise most favored structure drogen is large because there are  no ionic corcs, and 
at a given volume includes also the variation of the an- at low pressures the strongly oblate anisotropic SH 
isotropy parameter y= c/a,  but the equations of the structure is It is shown that tangency of the 
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