v, € indicated in the figure the SW frequency is 0.010
below the gap edge.

The results above show that the penetration depth
of low-frequency SW into the medium significantly ex-
ceeds the wave length for k <1, This result can be ob-
tained by methods of the theory of elasticity only for
K« y. For y ¢ k? « 1, however, the dependence of
this penetration length on the wave length becomes non-
linear. The high-frequency SW also has a large penetra~
tion depth for k « 1, . ’

The polarization of low-frequency SW is primarily
of bending nature of all k. The high-frequency polariza~
tion of SW is primarily along the x~axis.

The authors are grateful to A. M. Kosevich for sug-

gesting this study, and to V. I. Peresada for useful discus-

sions.

NOTATION

Here u(n) is the vector of atomic displacement from
the equilibrium position at site n; &; is the force con-

stant matrix; a is the atomic separation in the base plane;

tg 18 the interplanar atomic separation; « is the force

constant for atoms of the same layer; y& is the force
constant for atoms of neighboring layers; ky, k,, ks are
dimensionless wave vector components; w is the dimen~
sionless vibrational frequency; wg is the surface vibra-
tional frequency.
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Relaxation of impurities in a nonresonant field and phonon
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It is shown that the distribution of weakly coupled impurities over the energy levels in a relatively weak:
field is altered substantially if the field frequency is in one of the absorption sidebands. Depending on the
relationship between the impurity, field, and phonon frequencies, the impurity can be cooled or heated
strongly, and the level population can also be inverted. If the field frequency is greater than the impurity
frequency, then phonon magnification occurs at the difference frequency in a definite field  range.
Analogously, by inducing a decay into magnons by a longitudinal or transverse field, the impurity spin
distribution in ferromagnets can be changed and magnon amplification obtained. Absorption of the

~nonresonant radiation is saturated as the field increases.
PACS numbers: 78.50.Ge, 75.10.Jm, 71.55.Ht

INTRODUCTION,

In addition to the narrow phonon-free lines in the
gt absorption spectra of weakly coupled impurities,
Bere are usually broad sidebands corresponding to ab-
Sorption with simultaneous excitation of the impurity
#ad phonon creation or annihilation. Actually, a new
telaxation channel occurs for an impurity in a field whose
© les in the sideband domain, i.e., decay processes in
which the transition between levels is accompanied by
Moton and phonon generation or annihilation, If the field
is sefficiently large, then the induced decays can become

The impurity distribution over the energy
on this case is determined by the frequency of the
M participating in the decay and by the temperature

- So..J.LowTemp.Phys. 5(2), February 1979
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and is described, as will be shown below, by the tempera~
ture T* = Twy/(wy + w), where T, is the spacing between
levels. The case when the decay process corresponds

to simultaneous phonon generation and impurity excita-
tion is special. If such decays are dominant, then the
effective impurity temperature turns out to be negative
T* == Twy/(w— wy) and a population inversion occurs.
Analogously, localized spin excitations interacting with
magnons in ferromagnets can be cooled, heated, and in-
verted by a nonresonant field.

The mentioned mechanism to change the impurity
temperature is similar to the cooling mechanism, for
a low-frequency two-level subsystem, proposed in Ref,
1, by a field with frequency w = wy; = w, (I is the energy
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of a high~frequency two-level subsystem interacting with
the low-frequency subsystem under consideration). As
noted in Ref. 2, cooling is possible if and only if the high-
frequency subsystem is rapidly relaxing (the criterion

is presented below). In addition to the cooling considered
in Ref. 1, a population inversion can be obtained by using
a field in the case of interacting impurity subsystems
with substantially distinct relaxation rates, For this the
field frequency should equal the sum of the subsystem
frequencies and the inversion will occur in that subsys-
tem which relaxes more slowly.

The width of the resonant impurity absorption peaks
also changes in a nonresonant field because of the induced
decays, and light amplification of the frequency T* < 0
occurs for w,. Moreover, for w > w, and T* > 0 the im~
purity can magnify phonons (magnons) by resonance at
the frequency w— wy, and for T* < 0 at the frequencies
w+ Wy ’

1. KINETIC EQUATION AND STATIONARY
DISTRIBUTION IN A MONOCHROMATIC FIELD

To analyze the influence of the induced decays on
impurity dynamics, we use the simplest impurity spin
model, The isolated spin Hamiltonian in a field has the
form

HO = “’osz— f (t) er f(t) = foe_"’t + f:elwr; i= 1. (1)

The alternating field f is nonresonant and w » wy. If

8 =1, then (1) describes an arbitrary two-level system
("energetic spin™ with an electric or magnetic dipole
transition between levels. For not too strong fields

|£]te << 1, t5! = min{w, wy | w— wy[} and a slow change

in the field amplitude with time (d/dt) In|f| « t;! the
explicit time dependence of the spin operators in the
Heisenberg representation can be found by using a method
analogous to the method of taking the average in the theory
of nonlinear vibrations,? by expanding S, (t) in series:

S. (t) _ 2 Sim. n) (t) ei(mm+n-)¢, S:m, n)tc << 1, % = % Y, 2 (2)
m,n

To the first order in the field

S,(0=38.0+3. 00O +5_ e @
S =8.00—25. 00 S:+0=S.00—25, O 0
:S"z = 0', '§i = ii(l)o:gi M

(3)
S.=8,+:S; [8 Su)= %8s

The terms with the combined frequencies in (3) are re-
sponsible for the sidebands in the light absorption spec-
tra, and result in a new important relaxation channel in
comparatively strong fields. To the second order in {
the frequency w, is renormalized (Stark effect) wy — w, +
2wy iy B/(w} = ), and the commutation relations between
operators change: S, act as the operators S.(1 — &), while
S, act as S5(1 — 2d), where & = 141fy P(uf + *) (W] = )2

Moreover, terms at other combination frequencies
appear in Sy However, these terms are insignificant in
moderate fields and for weak coupling to phonons.
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The simplest Hamiltonian describing phonon relaxa-
tion has the form

H = Hy+ Hp+ Hy Hy= T oubiby

- : + . 4
H =H) + HP; H = g[uksa- {by + by ) + Tece % @

HE = TS, (0 + o),

where. k enumerates the vibration of the continuous spec-
trum in a nonideal crystal. The term H&‘) specifies the
transition between impurity levels with phonon participa-
tion which results in energy relaxation; in the case of .
deep centers this relaxation can be related to radiative
decays and the analogous photon operators should be sub-
stituted in H}! instead of the phonon operators by, bt

-1
The term H®) determines the local deformation occuring
during impurity excitation, and for weak coupling

(E Ivklzwl’{1 < wphy Wph i'the phonon frequency essential

for relaxation) in the absence of a field it has practically
no influence on the energy relaxation as well as on the
linewidth of impurity light absorption. Because there
are terms at the frequencies + w * w; in S,(t) in (3), in
the presence of a field the interaction ) can result in
decay relaxation if one of the combined frequencies lies
in the range of phonon frequencies,

The kinetic equation for the subsystem density
matrix p in the interaction representation to the second
order in Hj has the form

%Et = —T{(n + D 1S,S_, 01y —25_pS4]
+ 18 84 o —25.05 1 — DL U(SE, p)+—25,08)),
$.=3.(0; (A Bla=AB+BA; Tj=T 4T +T_ —Tpy
P==n 2]“&"6(‘“0"‘0&):
(5)

3
nffol?

Ty = T (0, £ O)F E’Uklg‘s(mo + 0—ay);
k
Ty = |yl

2]0,,]’6((0—@0——(0,);
®

To— 0g)?
o L7 u: ra(m__m);
Fu=n|fol’l2n(m)+1]2m+m 3

Pitm I‘pt,<< 1;

Ay =T7" [T7 (00) + Tuft (@ + @) + Fn (0 —©)
+ Tiay (7 (@ — @) + 1)];

- 8 (@) 0 0, <0
n(ﬁ))=e"_'_f-)"—xp(m/ =T *) = 1, x>0,

The quadratic term in the interaction parameters, of the
type i[P1§z +P2§zz, p] which describes renormalization
of the spectrum, is not written down in (5); it does not
affect the impurity energy relaxation, Despite the fact
that the condition Ifylt; <1 was used in deriving (5), the
parameter (I;— I')/T can be arbitrary: the weakness of
the field can be compensated if the phonon density of
states at the combined frequencies is much greater than
at the fundamental, or if v, | > luyl.

In a quasimonochromatic field when dng/dt « T'p
Equation (5) evidently has the quasistationary solution
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~ A+ 1\~
o =Z exp(—oS,/TH; T*=ua,|ln ny '
1 — exp [—w, (28 + 1)/T*] (6)
1 —exp (—wy/T*) *

Z = exp (0,S/T™

According to (6), the stationary distributionof a non-
equihbrlu.m impurity turns out to be a Boltzmann distribu-
tion even when decays induced by the field are taken into
account, The effective temperature T* can differ con-
siderably from the phonon temperature. For Tg—T'>»T
it is the case that T* = Tw;/(w, + w), i.e., both substantial
heating and cooling of the impurity are possible, If T¢< O,
then the effective temperature becomes negative [for-

T; = £ 0, T* — + *; equation (5) is not valid at the point
I; =0, it is necessary to take account of higher orders in
Hj in the perturbation theory, and of the fact that the im-
purity motion is not Markovian]. Tt is characteristic that
the population inversion takes place at once for all levels
in the model used, where it will be the stronger, the
smaller the Planck number of phonons at the frequency

w =~ Wy

The Boltzmann nature of the nonequilibrium quasi-
stationary distribution (6) is essentially related (see the
Appendix) to the assumption of an equal spacing between
the impurity levels (phonons of the identical frequency
take part in each act of induced decay). However, if the
unequal spacing between levels A is not too great (an/T <
1), then (6) remains valid in the model taken for the
spontaneous and induced decay transitions between ad-
jacent levels,

The kinetic equation (5) is also applicable in the
case of two-phonon interaction

= kgkvkk‘ Szb;:bk,- (7)

To the second order in vy, taking account of (7) is limited
by the addition of the parameters F I;,__, rinv to the corre-
sponding parameters without waves

= Y| om, [*8 (@ — ) T (@) [7 () + 1;

nlfel

fi = W 2 | Uhky [26 (099 & © 4 g, — ay,) [71 (o) "'Z (o)]s
[

1

Py = el B 00, 8 (0 — g o+ @, —0p)17 (00,)—7 (@0).

W — 0,)2
4( o) Py

Let us note that modulation broadening of T',, which de-
termines relaxation of the phase difference of the im-
purity wave functions, often introduces the main contribu-
tion to the half-width of the resonance absorption line

for the case of high-frequency transitions wy > wph at
not too low temperatures.*

A change in the distribution because of the decays
induced by the field can occur even for weakly coupled
impurity spins (local or quasilocal spin excitations) in
ferromagnets, The impurity spin exchange interaction
with magnons (T <« T;) is described by the Hamiltonian

ifi = H‘(‘” '|‘ ﬁf’; H~(,-“ = E&ks.,b: + h.c. * (48.)
3
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where, in contrast to the above, bk’ bk are now magnon
creation and annihilation operators.” For a ferromag-
netic impurity wy <0 in (1), and an antiferromagnetic
impurity w, > 0 in (1), three-magnon processes must be
taken into account even for quasilocal excitations in
order to obtain the finite width I'. In an alternating mag-
netic field transverse to the static field, the dynamics

of a ferromagnetic impurity is described by (5) and (8),
where the operators S, and S_ in (5) should be inter-
changed and w, in (5), (8),andthe expression for T* in

(6) should be replaced by lwyl. In the case of an anti-
ferromagnetic impurity, the form of the kinetic equa-
tion agrees with (5), and (6) and (8) are applicable direct-

ly.

As is seen from (8), two-magnon decay processes
induced by a transverse field freeze out with a reduc-
tion in temperature, Hence, it is expedient to use alter-
nating magnetic fields parallel to the static field to ob-
tain cooling or heating of the impurity spins at low tem-
peratures., The impurity Hamiltonian then has the form

Hy= @08, — [0S F(t) = foe—ior + fretet. 9)
Inalongitudinalfield, the terms at the frequencies + w
appear in first_ order perturbation theory in the operators

S:(f) =3 ) [ 1+ ml (foe— — f;emt)].

These terms result in induced single-magnon
deocays, which are to a known degree.analogous to the
single-phonon decays considered above in the transverse
field. 1) The essential difference between these decay
processes is due to the absence of terms of the type of
S4by, 8 bk in H§ 1) in (4a). Because of the absence of
such terms, single-magnon decay processes of the type:
of w= |wyl +wg, resulting in a population inversion in
sufficiently strong fields, are forbidden for ferromag-
netic impurities, while on the other hand, only such proc-
esses are allowed for antiferromagnetic impurities.
Hence, the population inversion of a localized antiferro-
magnetic spin excitation is easily obtained by using a
longitudinal field.

To obtain significant cooling of a low-frequency
impurity by "subconnecting" it to high-frequency phonons
(magnons) by a field is difficult if w, is very much smaller
than the quasiparticle bandwidth since the population-
inversion process [T, in (5)] occurs together with the
cooling process [it is described by the parameter T,y
in (5)], and these processes mutually cancel (the inver-
sion is forbidden by selection rules in the case of a low--
frequency ferromagnetic impurity in a longitudinal field
and there is no cancellation). Hence, the resonance
mechanism proposed in Ref. 1, when w ~ w; = wy(w; > wy)
and the impurity subsystem I is in good contact with a
thermostat so that its damping is Iy » T, plays an import-
ant part in cooling, If I} <« w,, then the resonance field
with frequency w; ~ w, does not result in the inversion
process in practice, and T’y >» Tiny.

An electron subsystem and a local (quasilocal) im-
purity vibration are an example of interacting subsystems
with substantially different relaxation times, An electron
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subsystem can often be considered two-leveled and de-
scribed by the Hamiltonian (1) (the "energy spin", S =
1/z). The Hamiltonian local vibration (LV) interacting
with an electric transition has the form

Hp = opata -+ VS, (a+a*), S=1Ys (10)
where d", aare the LV creation and annihilation oper-
ators, and V is the interaction parameter |V|<« wy, wy.
The polarizability in an electron subsystem is usually
larger than in the LV, and the field term is omitted in
(10). To the first order in V and the second order in the
interaction with vibrations of a continuous crystal spec-
trum, the kinetic equation in the interaction representa-
tion has the form /

® e —Tp—Tip—ise l(aS,f,e“’” + hucds P)- (11)

The operator Iyp in (11) describes the damping of the
electron subsystem and is determined by (5). The oper-
ator Iy p describes LV damping and can be obtained from
the right side of (5) by replacement of the operators S+
and S_ by at and a, respectively, ng by & T(wy) Teby T
(T'f, is the LV decay damping parameter). The last term
on the right side of (11) describes the induced resonant
interaction of the LV and the electron subsystem; for
WwI, ~ wy +w we have Sy, = 8., Q. =w) — w, + w, but for
@ ~wy, + wy we have Sp =S_, Qp = w wy, — wq; fp = fF
for w ~ wy, + wy and f =f; for w ~ wy = wr. The non-
resonant term iV [(Szae~1WLt + h.c.), p] is omitted in (11);
to second order in perturbation theory it resuits in a
shift ~ V2/wy, of the electron levels,

The dynamics of the electron subsystem is de-
scribed by the density matrix pg =Tryp, where Try de-
notes the trace in the LV wave functions. Accordingto
(11) we have

e fpy— i S e, (12)

Tt (pa)] — i.;%z (STfre=*®r, Tt (pat)) -

[Here we use the obvious equation TrL( f‘Lp) =0].

For Ty, > r, v/ wLI the local fluctuation "adia-
batically" becomes a slowly relaxing electron subsystem,
In the zero approximation according to V, the Eq. (11)
has quasistationary solution (in the time scale I‘L)

po (8) = [n (©0) + 117 exp (—orata/T) p, (9).

To the first order in V equation (11) can be solved by
perturbation theory by considering py(t) ~ const. Then

To, (p0) = —i gty oo (7 (00) + 1180, (0 — 7 @2) p, (9 S
Lpa) ==t T, ga, MO , s 1) 0, () 7Y

(13)
~ Substituting (13) and an analogous expression for Try
(pa™) into (12), we obtain (5) for pg, where

T T = VL hei? PL Ty, op~a,+ 0
ir;—T| = o &
403 T3-+Q8 T, O~0g+ o
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* Therefore, the rate of the decay processes induced
by a field is proportional to V%/ I3, in a resonance situa-
tion and is large for small T'y, (the width of the phonon
band Iy, performs the role of wph >» Ty, for phonon decay).
Depending on the relationship between w,, 'wL,a.ndw ina
slowly relaxing subsystem, considerable cooling, heating,
or inversion can be obtained by using relatively weak
fields,

2, PHONON, MAGNON, AND ELECTROMAGNETIC
WAVE AMPLIFICATION

The change in relaxation and impurity distribution
over energy levels results in a number of effects ob-
servable experimentally., Let us examine some for the
simplest, but still important, case of a two-level system,
8 = !4, The redistribution over levels is primarily re-
flected in the absorption by the nonresonant field system.

" The power drawn from the field in the stationary mode

equals

W= -2%:":{1‘,,[7;,—5(090 + 0)] —T_{n;— n (0 — )]

+ Ty [y + 1 (0 — @) + 11} (14)

(which is obtained most easily by calculating the change
in phonon energy because of interaction with an impurity).
If just one kind of induced decays exists and one term in
the braces is nonzero in (14) then, as is easily seen, satu-
ration of the nonresonant radiation absorption, similar

to the known saturation of resonance radiation absorption
and having the same field dependence,will occur instrong
fields (ITy— I'l » I). For instance, for T} =

[n(m°)+n(m—mo)+l oy « |f|s,
T (20 (@0 + 1 + iy 120 (0 — 09) + 1}’

W = 20ITiny
(15)
and the power absorbed in strong fields is independent

of the field intensity:

”(“’n)'l'"(m—mo)'*'l
W & 20T Crpom—— .

An important feature of saturation of nonresonance
radiation absorption is the possibility of obtaining a po-
pulation inversion of the impurity levels for Tipy > I\
Pumping a two-level impurity in the sideband is quite
effective (possibly more effective than pumping in a
three-level scheme) since each act of light absorption
transfers the impurity to an excited level which may be
the working level for a laser at the resonant frequency.

If the pumping is not too strong and there is no pop-
ulation inversion, then for w > w, the impurity can am-
plify phonons (magnons) at the frequency w — wy. Evalua-
tion of the amplification factor is associated with a com-
putation of the impurity two-time correlation functions
and their spectral distributions, In a monochromatic
field, a stationary mode is built up in the subsystem in
the time t > I7 !, and the correlation functions w™ -1 am-
plifiedintheperiod < A(t) B(T)> [denoted below by At) B(r)]
depend only on the time difference A(t) B(r) = At —
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T7)B(0). The correlation functions can easily be obtained
by solving (5), for instance: ,

~ T (1)

Sa () =S, (15, (0) — 5,1 = e SR

+ —:":f—t— (7 + 1) D () e—toet 4 TD* () etool];
2n;+ 1
v =T; @7 + 1) + Ty

D) = Lol (00p — @) ~2eif o (e + @) ~%e—tet], (16)

!
It is seen from (16) that damping of the correlation func-
tions in the field grows because of both the induced delay
processes (I}[2f¢ + 11> T[1 + 2n{w,)]) and the modulation
procegses (the parameter I"M). The amplitudes of the
correlators also change, and to the second order in the
field terms at the frequencies + w + w) occur in Sy, (t)
(the small correction ~ &(0),comparedwith unity and
independent of time, is omitted in the first term in (16),
but the parameter (I'y = I)/T is arbitrary).

The phonon absorption (aniplification) induced by the
field (1) at the combined frequencies is due to the adia~
batic interaction H?* in (4). The coefficient of stationary
absorption of phonons of frequency Q is determined by
the expression q(Q)ﬁ)ff{Ivk Ro(Q — wy) (£ is a weight func-

tion dependent on the polarization of the waves being ab-
sorbed, their propagation directions, etc,), where

)

9@ =Re § dte™ S0, S, O], (17)
and according to (16)
q@)= Il ,,v’ e, Q@ @
T 40@m D (0 £ 0 T4 18 — (0 2 0)1? =
(18)
Q(Q)=="‘ 'fn"» : YI Q~0)—"ﬂ0‘

e+ D @—a T+ [0 —(@—o)l*’

As is seen from (18), the form of the induced phonon ab-
sorption peak q(Q) is Lorentzian with half-width v, and
the peak intensity is determined by the factor (Zng + 1)1,
Untilthe inverting decays dominate and Ty > 0 [then

Tif > @ according to (5)] the nonequilibrium impurity ab-
sorbs phonons at the frequencies w, + w but coherently
amplifieg phonons at the difference frequency q(w — w,) <0,
If the inverting processes are dominant and <o (then
iy <— 1), phonons, at the frequency ~ w — w, are then ab-
sorbed,?) The field dependence of the coherent amplifica-
tion of phonons at the difference frequency at T, = 0 is
the following when modulation broadening is neglected:

« i Fmv (r "" lj‘lnv) i
(T [20 (@g) + 1]+ Ty (97 (0 — 09) + 11}

-4 ((D - (90) (19)

rlv.w « FfofP
The amplification is a maximum for Tjyy = T2n(w,) +

11/ [4n(wy) + Zn(w — wy) +31, and for Tyjzy = T it is replaced
by absorption which grows monotonically with the field.

93 Sov. J. Low Temp. Phys. 8(2), February 1979

The application of nonresonant brightneing to produce
a phonon maser at a three-level impurity has been pro-
posed in Ref. 6. However, the spontaneous emission of
phonons was actually computed in this work only for
Tiny < T. At the same time, estimates were made for
sufficiently strong fields (>10% V/cm) for the Cr®* im-
purity in Al,O;, where I' is small, and apparently Iy > T
in such fields. Let us note that the maximum value of the
phonon gain coefficient is independent of T for I" >» T,,.
Favorable conditions for tunable coherent amplification
of phonons exist in the case of pumping of low-~frequency
impurities (wy < wph), where Ty ~ Ty,y and there is no
heating (and inversion even more so). In this case the
gain coefficient at the frequency w — w, is positive and
increases with the field in proportion to 1£,(2/[1 + Alf,1?]
[A ~ (T, + Tjpy)/TIf,P is independent of the field.

Absorption of light and phonons at the impurity nat-
ural frequency can be examined analogously to absorption
at the combined frequencies. The form of the absorption
peak is determined by the function IR

7(®) =Re g dte [S_(®), S+ O)}; (20)

¥y

, Q~ .
Vi (@ — g ’

~ 1
q@) =~ rrny
The absorption peak broadens with the increase in the
nonresonant field, For I'y,y > T, when fig <— 1 and there
is a population inversion §(Q) < 0, i.e., absorption is re-
placed by amplification, Other conditions being equal, the
maximum gain is achieved at low temperatures Ni(w ~ w)
< 1, when the inversion is maximal and ¥4 is minimal.

The form of the peak of magnon absorption by local

or quasilocal spin excitations in ferromagnets is deter-

mined by the following function when exchange interac-~
tion is taken into account

3

G (Q) = Reég dtet* [S,.(¢), S_(0)] . 1)

[the absorption coefficient is quadratic in the parameter
T in (4a)]. As is seen from (3), magnon absorption or
amplifications can occur only at the resonant frequency
and only by a ferromagnetic impurity (w, < 0) in a trans-
verse external field, where a population inversion is nec-
essary for amplification, For S = 1/, the expression for °
am () for a ferromagnetic impurity agrees with (20) (guo_
must be replaced by lwyl). If the pumping is by a longi-
tudinal field and the Hamiltonian has the form (8), then

in addition to absorption of the natural frequency, absorp-
tion at the combined frequencies is also possible, Since
the longitudinal field with induced three-magnon process-
es neglected does not result in a population inversion of
the ferromagnetic impurity levels, then there is no gain
to the second order in the field, An antif erromagnetic
impurity can amplify magnons at the frequency w — w,

if the alternating magnetic field is not too large and there
is no inversion

NI Y,

2l 90 V@~ (@ —of?

S =1/,

Q ~ @ — W,
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The field dependence of such amplification is analogous - Nonresonant brightening can be used also to produce

tothat considered above for phonon amplification, sensitive tunable phonon detectors. If the temperature is
low (T « w, — w) and wy > wph, 80 that im-
- A change in the impurity spin distribution in ferro- sufficiently 0 o > @p
magnets ::g in their rel:axatsi'onpparameber s can be re- purity energy relaxation is due to radiative decays, then
corded by means of the change in both the form and width i);lonons at ih;ahﬁ‘eq:encly t:) o~ w can be detected by lum-
of their resonance absorption spectra, and the width of escence at the natural frequency w.
the Mossbauer lines at the impurity nuclei, As is shown APPENDIX
inRef. 7, the Mvssbauer linewidth is proportional to the spec- . '
‘tral distribution of the correlation function S,4(t) at zero It is interesting to examine the dynamics of a multi-
frequency. According to (16) level impurity in a nonresonant field if the spacing be-
' tween the levels differs substantially. The Hamiltonian
- 7+ D of an isolated impurity in the field has the form :
d B~ L0 '
§ 1Sa () ~ sl

= Y 0nan— 5 (Fme=" + Fre®®) ahan my n=0,1,
ma>1 . mpnt

depends strongly on the nonresonant field amplitude and (@ @)= O fon = oy OmF0ni B=1,
its frequercy, where both narrowing and broadening of ' ' '

! . . Al
the MUssbauer line are possible. Let us note that ' : (A.1)
f/(w - wy) enters into the expression for the induced where a;l, a,, are impurity generation and annihilation
relaxation rate when pumping localized spins by a trans- operators in the state m, and f,,, is proportional to the

verse field, while f)/w enters for pumping by a longitudinal dipole moment of the transition between the states m and
field. If wy > wmag, then (w,— W)t~ wpae » wt ~ w7l g,

and pumping by a transverse field can be more effective. To the first order in the field in the Heisenberg re-

CONCLUSION presentation

Impurity excitation by a nonresonant field generally
requires a greater field intensity than for resonance pump- . =t f:m e . . - a:
ing: If |Tj— 'l ~ T, then fy/fpeg ~ Vwrw)/wyn(w), where Ay ()= — 2[ oo T o e =g I 0= @;
nem

freg 18 the resonant field intensity resulting in saturation ) I 3 Foun |2 (o — ©@n) (A.2)
of the absorption; %(w) is the tmpurity absorption coefficent Uy = —i0nBpm Om =0n+ 22, G gt
measured experimentally [for (w = wp)>» T the crossterms . e (©0p — o)+ @?

in the impurity and the phonons in the svstem polarizability B (Ds @1 (O] =8 {l —2 2 Vo I -(:—:-:(—»7;';7;—0,—,-}

due to the addition of f£(f) Sv.f{mk(bk + bk) to the system phm

Hamiltonian in the external field,’ introduce a contribu-

tion to impurity absorption, where taking account of this (here second order corrections are taken into account
addition reduces to renormalizing I‘f]. However, nonres- partially in the expression for the frequency shift ‘;m _'wm
onant, compared to resonance, pumping has three advant-  gnd the change in commutation conditions). If at least one
ages in every case, First, it permits obtaining a popula- of the frequencies |wy, + wl falls into the phonon frequency
tion inversion, where interacting subsystems with sub- range, then the field can induce decay into phonons of the

stantially different but sufficiently large relaxation times, corresponding frequency.
for instance, the high-frequency electron transition and
local vibration or nuclear and electronic spin times, are H=Ho+ Hpn+ H"+ H?; Hpn= Ewab}fbk:

especially convenient to obtain a population inversion,

.Second, both incoherent (luminescence type) and coherent  H{® = Y afa,Up, (bp 67); HY 2 Vit (0p + 60), (A.3)
tunable generation of high-frequency phonons or magnons e

are possible in a nonresonant field, It is expedient to

use either low-frequency impurities (wy < w n) 8o that

one "useless" phonon at the frequency w, would be emitted
per "useful" phonon at the frequency w = w,, or high-fre-
quency impurities, where spontaneous energy relaxation
is due to radiation decays. For coherent generation it

where H§‘) describes the spontaneous decay processes
in the system, and 141(2) is the adiabatic interaction which
results, in the absence of a field, in a small shift of the
weakly coupled impurity level, and to the appearance of
impurity absorption sidebands,

is necessary to select the field intensity carefully in order Only the terms ~ |V 21£12 will be taken into account
to obtain the optimal mode in which phonon amplification below in examining the effect of the field on relaxation

is independent [see (18) and (19)] of either the electron- processes, and terms quadratic in £, and in the param-
phonon coupling, or the relaxation time T™! [if the modula- eters H(‘) will be omitted. As is seen in the spin system
tion or inhomogeneous broadenings noticeably exceed T, example, the latter do not alter the results in principle,
then as is seen from (18), the maximum value of the gain but the parameters V. can significantly exceed the cor-
coefficient is proportional to I and is'achieved in weaker responding parameters H{!) in every case for a high-fre-
and weaker fields, the stronger the coupling to the pho- quency impurity. In this approximation the kinetic equa-
nons]. Third, nonlinear effects can be observed in a non- tion to the second order in the interaction has the form
resonant field at greater impurity concentrations than in gnm

a resonant field since inhomogeneous broadening should w=— ,,.LMG (@n— 0) Trn {Vn + 1) {@n@s 0)4 2anamp:man]
o socealy ey n e resonmcecwse L, _igagita oo () 150
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T'mn = Vmn -+ Ts + oo — Do »
I = 2 fon [ 0 — ) mm—m")Eka— w8 (0 — 0, + 0 —ay);
- ‘

(o — 0n £ ©)F

29 — " )
I‘:M = = (f(:)':: L(:)(,toi w)“?n) ; 'mG'— ¥nk I2 8 ((')m — @, + o, —0); .

v,mn = Pr:: h’mnﬁ ((l)m - 0.)”) + I‘;:l.nﬁ (mrr: — 0, + (’))
+ I‘,:,,YT(O),,, - @ — (") + Ffm(ﬂ (0) — @y 1 0),,) + 1)]- (A.4)

in which v, is the damping due to spontaneous decays,
and renormalization of the frequencies w,,, due to inter-
action is considered performed. It is seen from (A.4)

that taking account of induced decay processes does not
alter the form of the kinetic equation, however, the relaxa-
tion rate can be changed considerably even in moderate
fields.

According to (A.4), only the diagonal elements of the
density matrix p differ from zero in the stationary mode,
but they cannot successfully be calculated explicitly in
the general case and the distribution turns out not to be
a Boltzmann distribution. However, ifboth the spontaneous
and the induced decays are related to the transition only
between adjacent impurity levels, then pm 41, m+1/Pm,m =
ux‘P,,_.i’m/(va,l,m +1) in the stationary mode. For
I‘m +,m > Ym#,m this ratio is greater than unity, i.e.,

a population inversion holds for this pair of levels.

NOTATION

Here, H is the Hamiltonian; w; is the impurity fre-
quency; f is the nonresonance field strength; w is the fil
field frequency; p is the density matrix; I} is the effective
decay broadening taking field~induced decays into account;

T* is the effective impurity temperature; T, is the mo-
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dulation broadening; wy, is the localized vibration fre-
quency; V is the electron-localized vibration interaction
parameter; W is the radiation power absorbed by the im-
purity; g(®) is phonon absorption; q() is resonance ra-
diation absorption; and gy, () is magnon absorption,

1)Decay:z of impurity paramagnetic- fons into phonons in nonmagnetic
crystals can also be induced by using the longitudinal field (9). The
dynamics of an impurity spin in a longitudinal field s described by (5),
where v}, in the expressions for T, should be replaced by 2up(wp + w)/L,
®)Each act of induced decay described by the parameter Ty, Is related
to phonon generation, where the frequency of the phonons being emitted
is in a band of width ~ y; around the frequency w™ wg. The function
q(Q) defines a linear reaction of the system to the coherént flux of mono-
chromatic phonons. The linear theory is applicable as long as the ef-
fective force acting on the impurity from these phonons, which is ex-
pressed in frequency units, is small compared to I'y. For Ty <0 such a
weak coherent phonon flux is absorbed although the impurity as a whole
radiates phonons (incoherent) in the neighborhood of the frequency w = wq.
%Such an addition is especidlly important if direct electric dipole transi-
tions are forbidden in the impurity. '
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