the electronic states with changing number of neighbor-
ing iron atoms. In addition, pf(Mn) can be greatly in-
fluenced by the delocalized.spin density, the spatial dis-
tribution of which has a complicated character and de-
pends to a considerable degree on the type and the dis-
tribution of the neighboring atoms.

The solution of the system (1) has made it possible
to determine the coefficients of the hyperfine interac-
tion in the relation

' (Mn) =ap'(Mn) +bg,

which turn out to be a= ~40 kG/pnp and b= — 100 KG/ i5.
The values of these coefficients point to an appreciable
degree of delocalization of the spin density in the alloys
(Fe;-xMn,)sAl.

For samples 3 and 4 with maximum manganese con-
tents, we determined also the relative numbers of man-
ganese atoms with antiferromagnetic orientation £ (Mn).
It turned out that for sample 3 about 50% of the manga-
nese atoms situated at the Fep; sites have antiferromag-

netic orientation. For sample 4, this value is 60%.
This conclusion is confirmed also by neutron-diffrac-
tion data, which have established the presence of man-
ganese-enriched segregations in samples 3 and 4. The
probability of flipping of 1(Mn) in such segregations,
by virtue of the negative exchange interaction between
the neighboring manganese atoms, can be quite high.
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Evolution of the spin system of a solid paramagnet after the sudden introduction of frequency detuning A
between the subsystems involved in cross relaxation (CR) is considered. The calculation is carried out by
the density-matrix technique using projection operators and is applied to the general case of
nonequidistant EPR and NMR spectra. It is shown that after a time of the order of ®; '(wy is the local
field frequency) the energy of the nonsecular part of the spin-spin interactions, which is responsible for the
CR, is mixed with a part of the Zeeman energy, thus forming a quasiequilibrum “difference” pool. At
|Al>w, the process resembles damped oscillations and can be related via a Fourier transformation to

the function between the CR probability and A. An experiment is proposed by which the predicted effects

may be observed and employed for investigation of spin-spin interaction in solids.

PACS numbers: 76.20.4+q

1. INTRODUCTION

The study of the processes of cross relaxation (CR) in
parametric spin systems has already been the subject
of hundreds of theoretical and experimental studies (see,
e.g., “'5]), but many important aspects of this phenom-
enon still remain unclear and continue to attract atten-
tion of researchers. One such unsolved problem is con-
nected with the behavior of that of the “nonsecular”
terms of the Hamiltonian of the dipole-dipole (DD) in-
teractions, !’ which induces mutual spin flips I and S with
close resonant frequencies w; and wg. For pure spin
magnetism, it takes the form™?

J‘gcn= 2 bij(;{+§j—+;i_3"+) .
Although with respect to its specific heat this term can
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be comparable with the secular part 2@; of the DD inter-
actions, its contribution to the total energy balance is
not taken into account in the spin-temperature theory of
CR. 31 This contradiction manifests itself clearly on
going to the “resonant CR,” corresponding to the exact
agreement of the frequencies w; and wg, while CR with
large detuning A =w; - wg> w,, where w, is the average
frequency of the dipole-dipole pool (DDP). Whereas in
the former case the term E’Afca becomes secular and is
included in the DDP, in the latter case its specific heat
is neglected, so that the increase of A seems to be con-
nected with the “vanishing” of the energy stored in #¢g.
This seems particularly paradoxical if the DDP is
strongly cooled beforehand by any one of the known
methods.

In the recent literature two trends are noted in the
solution of this problem, which turned out to be closely
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related with the fundamental problems of establishment
of quasi-equilibrium (the formation of the temperatures)
in spin systems. Thus, infé? i@cn is classified as a
separate pool with its own temperature, as a result of
which the entire CR picture is substantially altered. The
other trend was proposed in®*1, where an analogy is
made between the situation in question and the behavior
of a simple system of spins of the same sort when an ex-
ternal magnetic field Hy is turned on rapidly. As shown
in!%"81 in this case the energy of the nonsecular part
9? ! of the DD interaction is transferred during the time
of the transverse relaxation 7,~ w;! to the Zeeman sub-
system 3@,, and this leads to the experimentally ob-
servable change of the longitudinal magnetization, and
is interpreted in® %81 a5 formation of a single energy
pool # LY.

In this paper we consider the behavior of a system in
which CR takes place with the detuning A turned on
rapidly. It will be shown that the results of this analysis
confirm the usefulness of the approach indicated in®™*3,
and the formation of new quasi-equilibrium energy pool
is the result of energy transfer from JZCB to the “dif-
ference” part of the Zeeman subsystem, while the ex-
perimental observation of the corresponding fast tran-
sient process can serve as a new effective method of
studying DD interactions in solids.

2. INITIAL HAMILTONIAN

We consider a solid paramagnet placed in a constant
magnetic field Hy , in which the DD interactions are
assumed to be strong in comparison with the spin-lattice
interactions, and the role of the lattice is henceforth
disregarded. The CR process is frequently considered
in systems with two sorts of spins, I and S, that ex-
perience pure magnetic interactions, with the Hamilto-
nian of the system taking the form

H=0d,+ 08+ +7, +Heon, (1)

where
I!= I;, Az= Aziy
Z t8 Zs

S4 and %, + #cg are respectively the secular and non-
secular parts of the DD interactions.

The first two terms of (1) can also be written in the
form

@o(1.+8,) +A (csI—~ciS,) =+,

where wy=c;w;+cgwg, and c; and cg are the relative
specific heats of the subsystems I and S; c¢;+cg=1. This
notation is useful under CR conditions, when only the
“difference” or A subsystem #* » changes, whereas the
energy of the “Z subsystem” & is an integral of the
motion and can be completely disregarded. 3,91 gystems
with pure spin magnetism are described in the I, and S,
representation, a procedure that offers many advantages.
However, the “resonant CR” (A =0) which is of interest
to us is realized here only in the trivial case w;=wg=0.

803 Sov. Phys. JETP, Vol. 44, No. 4, October 1976

In practice, CR processes are more frequently en-
countered in more complicated systems, the Hamilto-
nian of which includes (for a spin > 1/2) the energy of the
electron paramagnetic center in the intracrystalline
field, or else the energy of the nuclear quadrupole in-
teraction. In this case the role of the subsystems I and
S can, in particular, be assumed by different transi-
tions in non-equidistant multilevel energy spectra. The
main differences between such systems and “pure” spin
systems are the following: 1) resonant CR (& =0) is
possible at w;> w, and wg>> w,, the detuning A being a
function of the magnitude and direction of Hy, and is
thus easily controlled in experiment; 2) the particle en-
ergies are not purely magnetic, so that it is necessary
to redefine the subsystems I and S as well as the secular
and nonsecular parts of the DD interactions; 3) by vir-
tue of the selection rules (see, e.g.), 11 the resonant-
CR time Wy can be much longer than 7,, so that even
at A =0 it is possible to describe the subsystems I and
S separately with the aid of the corresponding tempera-
tures.

It is more convenient to carry out the description in
this case in the energy representation. We define a
projection operator P!, (see, e.g. 1oy acting only on the
wave functions of the {-th spin ¥%, calculated neglecting
the DD interactions: Py} =6,515, where 6,4 is the
Kronecker symbol and the Greek indices number the
energy levels of the system. We shall henceforth as-
sume that all the levels are nondegenerate, and then
the Hamiltonian of the system without allowance for the
DD interactions takes the form

%ii&-ﬁ =—-ZE Nar, @)

@'t i1 @' -t

o =

where E,. is the energy of the a’-th level of one par-
ticle, R is the tota}\l number of levels, N is the number
of particles, and N,. are the level-population operators
(see, e.g., ™).

Assume now that for any two transitions, say aB and
76, of the multilevel spectrum there takes place an ef-
fective CR, which calls for satisfaction of the condition
w;= wg, where

0s=wup=(E;—E,)/h, o,=0w=(E:—E,)/h.

To consider the CR between the chosen transitions we
replace the operators Nm , NB, N and N,, by their linear
combinations (Ny+Np)/2, (N, +N6)/2 Ng=(Ns-N,)/2,
N, -(N,, N,)/2. The first two operators are integrals
of the motlon in the CR process, while N, and N are
in effect analogs ofI and S The operator N,: N,+Ns,
in analogy with I +§ in the pure spin case, is one more
integral of the motion, while the operator N, = (N, = N)/
2 corresponds to the A subsystem. The Hamiltonian
(2) takes the following form:

(N,+N¢)+moNz+ANA,

H = — Z E.No +
®3)

where the prime at the summation sign denotes summa-
tion over all the indices except @, B, ¥ and 6; wy=(w;

Ea+E
® (Na+Np) +E
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+wg)/2, A=w; —wg. The last term in (3) corresponds
to the difference Hamiltonian

Ha=AN="/ A (No—N,) — (Ne—N,) 1.

We note that w,; — Wep =Wgs — We,, and the same expres-
sion for # , is obtained also when another pair of transi-
tions, ay and B6, is considered. With the aid of the
operators P‘ we can separate the secular part of the DD
interaction s, ([% , #}]=0):

R
P Pl B+ Y Pl P90y D). (@)

i>j WL p=1 a'=p

R
-,
g

p‘c-)

where 54 is the Hamiltonian of the DD interaction be-
tween the spins i and j; the resonant frequencies of all
the transitions are assumed here to be different. We
can separate analogously also the part ﬁéca responsible
for the CR in the case under consideration. Obviously,
in this case it is necessary to take into account to the
same degree the CR between the transitions a8, y6 and
ay, B:

N ’
Fen=Y Y PotPyiP Py (5)

i>jarh'1re’

The prime at the summation sign shows that it is neces-
sary to take only those o', B’, ¥’ and 8’, to which the
terms responsible for the CR correspond (their total
number is 8).

In the case of CR between two transitions having a
common level, for example ¢8 and By (wag Wy 3 fwyg
=Eg —E,, Hws, =E, - E), the operators N,=(N, - R)/2
and N s = (1\75 —N )/ 2 are no longer linearly-independent,
but it is nevertheless meaningful also in this case to in-
troduce the operators N c and ITJA. Then, for example,

Foim B o= L W)~ (R,

where A=wg, —w,s. Expression (4) remains in force,
and for ¥cz we can write a formula similar to (5).

Both parts of the Hamiltonian and density matrix which
correspond to integrals of motion can be omitted. In
addition, we consider the case when the frequencies of
all the transmons are much larger than w,, and there-
fore the term 2’( is inessential. Thus, the initial
Hamiltonian in both cases takes the form

K=\ + I+ Hon. (6)

The described two variants of the CR in multilevel
spin systems are the simplest and most typical. With
the aid of projection operators it is easy to introduce
the Hamiltonians J,, 27?,’, and 77-’“ also in other cases:
in the presence of degeneracy, for other sorts of spins,
etc.

3. FIRST STAGE OF THE TRANSIENT PROCESS:
ESTABLISHMENT OF QUASI-EQUILIBRIUM
AND FORMATION OF SPIN TEMPERATURES

Assume that up to a certain instant ¢=0 the frequencies
of any two transitions of the spectrum are exactly equal
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and fﬁcn is included in the secular part of the DD interac-
tions. Assume furthermore that by that instant of time
the differences of the populations of the considered
transitions have become equalized, so that the difference
part of the density matrix, corresponding to the atom

ﬁﬁA is equal to zero. Then in the high-temperature ap-
proximation the density matrix takes the form

E)°=C[ 1—Ba (éga""'%cx) I

where 83! is the DDP temperature.

Assume that at the instant /=0 a detuning A has sud-
denly been produced between the frequencies of the con-
sidered transitions (on account of a jump in the magni-
tude or direction of Hy), and the Hamiltonian has ac-
quired the form (6). As we shall show, the relaxation
of the system to the new equilibrium state will proceed
in two stages: the first terminates within a time on the
order of w;!, and the second within a time Wgk, which
is usually much longer than w;!. In this section we are
interested only in the first stage of the transient pro-
cess.

The condition |A| <w, s enables us to neglect the
change in the eigenfunctions ¥%, and consequently also
the operators B!, N,, %} and &g when the detuning is
introduced. Taking this into account, we change over
to the interaction representation, in which each new
operator A* is connected with the corresponding opera-
tor A by the formula

A =expli(36,+5,)t]d exp[—i(HB.+364)t].

In this representation, the evolution of the density ma-
trix is described by the equation

00" (t) /0t =—i[Fen (1), 07 (1) ],

and for the mean value of the energy (#}* + %z ) we have

(G +Hen (1) =Sp ([ (1) +5ea” () 197 (D). (7)
We confine ourselves for the time being to the case Al
> w,, and then we can use for the intervals ¢ << Wgk; the
approximation 5*(#)=p*(0)=p,, corresponding to in-
clusion in the expression for f(t) of small terms up to
order w,/A inclusive.

It is easy to obtain the following commutation rules:
[;’gn\y zgcn]=A§€rm [ig\ chn] =Aygcka (8)
where

Hon = Zbii 87 —178

in the case of pure spin magnetism (see Secs. 1 and 2),
and in the more general case it is defined in similar
fashion with the aid of the operators Pi. Using (8), we
can prove by differentiating with respect to ¢ the fol-
lowing identity:

exp (i?é,,t)%%,, exp(—i%;kt) =.x cos At+i9éca sin At,
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and then transform (7) into
(I +Fcr> (1) =—CPu{SpI6/*+Sp b’ Re [F (t) expiAt]},  (9)

where

F(t)=(Sp #cq®)~* Sp {Hcrexp (id64't) Hc,
X exp(—idb.'t) +Hcn exp(i%d’t)%?p,, exp(—id.1)}. (10)
Formula (10) is similar in structure to the known ex-
pression for the free-induction damping signal (see,
e.g., ™), In the general case F(t) is a complex func-
tion of the time (ReF(#) is even and ImF(f) is odd),
with F(0)=1 and F(«)-0. In the course of the evolution,
the first term in the right-hand side of (9) remains un-
changed, whereas the second term undergoes damped
oscillations with frequency and ultimately vanishes.

On the other hand, in view of the conservation of the
total energy (#, + #} + #cg), the evolution of (3,)(¢)
takes the form

(> (t) =—Cp.Sp #cr* {L—-Re[F(t)exp ist]}, (11)
i.e., during the course of the process the difference en-
ergy experiences the same oscillations with damping,
increasing thereby from zero to the value r <r0),
which leads in turn to a corresponding change of that
part of the longitudinal magnetization of the material
which is proportional to (5@). The entire process as a
whole can thus be represented as oscillating energy ex-
change between these subsystems # CcR and 7 “a» Which
terminates by energy transfer from x cr to //A and with
formation of a quasi-equilibrium “difference” pool. The
oscillation damping time can be estimated by expanding
F(¢t) in powers of ¢, where the traces that enter in the
expansion up to £ can be directly calculated by a known
method, % and the dominant lattice sum in the coeffi-
cient of £ can be separated and estimated in analogy
with'™, Calculation shows that for undiluted spin sys-
tems the damping time is of the order of w;!.

We introduce now the “hindrance factor” e =Tr#%g/
Sp# {2, which is connected with the rate of the CR at
zero detuning: if Wyg(0)~ w,, then ¢ can reach a value
~1, and in the case Wgp (0) < w, (“forbidden CR”) we
have € < 1. The calculation of ¢ can be carried out by
standard methods (see, e.g., %),

It follows from (9)=(11) that the amplitude of the con-
s1dered transient process turns out to be proportional
to Tr JFCR , i.e., it depends directly on the value of ¢,
whereas the characteristic time of this process does
not depend on ¢ at all and coincides with the time of
formation of the spin temperatures.z’ The latter cir-
cumstance is explained by the fact that the mismatch of
the oscillation phases corresponding to different pairs
of spins is due to the same interaction s#4 which leads
to the damping of the free-induction signal.

The A pool produced after the fast transient process
can be characterized by a temperature 8. We note
that a similar transient was observed in systems with
one sort of spins following sudden application of a mag-
netic field in the laboratory‘™ and rotating?! coordinate
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systems, and is attributed in®®"*®1 to unification of the
subsystems 9@ and 96, . Here wehave in fact generalized
these results to include the case of CR.

So far we have considered the case |A|> wy. When
this condition is violated, the transient process loses its
vibrational character and its description becomes more
complicated. Nonetheless, it can be shown (proceeding
in analogy with‘™) that in this case, too, the characteris-
tic time of the process is of the order of w;! and does
not depend on ¢, However, the conclusion that the entire
energy (#.g) goes over into (#,) is no longer valid
here, and it is necessary to take into account the energy
exchange between all three subsystems %}, #cg and
4. A similar situation for one sort of spins was con-
sidered in®'3),

4. SECOND STATE OF TRANSIENT PROCESS:
CROSS RELAXATION PROPER

The next stage in the establishment of the equilibrium
's the relatively slow equalization of the temperatures
2 and Ba , i.e., the CR in the proper meaning of the
ord, and at each instant of time the state of the system
can be described by a density matrix in the form

p=Cl1—ps(t) Bs—pu(t) ). (12)

We note that m accordance with the idea of unifying the
subsystems # a and %cn into a single energy pool (in
analogy with®® *81) the second term in the square brackets
of (12) should be written in the form B, (¢) (/ +9Kcn),
however, within the framework of the approximation used
by us, which is connected with separating the secular
part of the DD interaction accurate to first-order per-
turbation theory, this addition of the term # .5 does not
influence in any way the result of the subsequent cal-
culation of Wg(4).” We emphasize thatif the second or-
der of perturbation theory were to be taken into account,
it would be necessary to add to the term Q%A in (12) only
that part of Q%CR which causes a small shift of the reso-
nant frequency of the A subsystem (cf. ™),

On the basis of formula (12), we shall use the non-
equilibrium statistical operator method*! to calculate
the CR probability Wy (A). In the case e<< 1, expres-
sion (12) is valid for all A (including A =0), while in the
case £ ~1 it describes the quasi-equilibrium only for de-
tunings [A| > w, = Proceeding in standard fashion we
obtain for W,y (A) an expression that can be written, af-
ter comparison with (10) in the form

Wen(A) = %(Sp Na?)=*Spdea’ | F(t)exp(ide)dt. (13)

Thus, it turns out that the function F(¢), which charac-
terizes the damping of the oscillations after a sudden
introduction of the detuning, and the shape of the “CR
line” W (A) are related by a Fourier transformation
and contain the same information. This very significant
conclusion shows that from the form of the transient
process observed at one fixed value of A it is possible to
establish the W (A) depeadence in the entire range of
detunings, just as the signal of the free-induction damp-
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ing makes it possible to determine the magnetic-reso-
nance line shape. When drawing this conclusion, we
must stipulate that it is valid under two significant re-
strictions. First, we are dealing always with a function
F(t) corresponding to the turning-on of sufficiently large
detunings [A| > w,; in the opposite case, as mentioned
in Sec. 3, an additional coupling arises between (% CR)
and (3’(’2), and distorts the form of the fast transient.
Second, at ¢ ~1 we are not justified in using the spin-
temperature concept in the derivation of (13) in the re-
gion 1Al Sw,, so that the use of the Fourier transform
of the function F(¢) is valid in this case only for the cal-
culation of sufficiently remote wings of the “line”
Wer(A). This was precisely the situation with the anal-
ysis of the fast transient accompanying the turning on of
the field H, in systems with spins of one sort. ® To the
contrary, at € <1 it is possible to determine from the
form of F(¢) the entire “CR line,” including the region
of small detunings.

We note that the presence of ImF(¢) leads to the ap-
pearance of a certain asymmetry of the function Wgg(a),
in contrast to the case of pure spin magnetism.

The inhomogeneous broadening of the magnetic-reso-
nance lines leads to an accelerated damping of the oscil-
lations in (9) and (11), on account of interference be-
tween the spin packets with different values of A, *
Nonetheless, if we add to &} secular parts of the inter-
actions that cause the inhomogeneity, then formulas (9)-
(11) remain in force. However, the quasi-equilibrium
that corresponds to the density matrix (12) does not set
in immediately after that: it requires the completion of
the spectral diffusion within the lines (see, e.g., ).

If this process is faster than the CR of interest to us
(this is always the case if A is sufficiently large), then
formula (13) also remains in force. If furthermore the
inhomogeneous broadening of the initial lines predomi-
nates, it is precisely this broadening which determines
the shapes of the plots of F(¢) and Wgg(A).

5. SCHEME OF A POSSIBLE EXPERIMENT

An experiment aimed at observing the described
transient processes can be imagined in the following
manner.

A. A sample containing nuclear or electron spins with
a non-equidistant magnetic-resonance spectrum is placed
in a field Hy, the magnitude and direction of which en-
sure equality of the frequencies of any two transitions
of the spectrum, w;=wg=we> w,.

B. After thermal equilibrium is reached in the field
H,, the transitions I and S are subjected simultaneously
to adiabatic demagnetization in a rotating coordinate
frame. As a result, the Zeeman temperatures of these
transitions, B;' and B3, become infinite, whereas the
reciprocal temperature of the DDP reaches a value 3,(0)
~Bowo/w,, where B! is the lattice temperature. The
adiabatic demagnetization in a rotating coordinate system
is not needed here in principle, and is carried out only
to increase the average energy stored in the term -';%cn .

C. At the instant {=0, the magnitude or orientation of
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H, are changed rapidly in such a way that a detuning
|A| > w, is produced between the frequencies w, and
wg. The jump should be carried out within a time
shorter than A,

D. Immediately after the onset of the detuning, an
oscillatory energy transfer begins between # .5 and %, ,
described by formulas (9)-(11). We consider the quanti-
ties (N,) and (Ns) which we shall call the polarizations
of the transitions of I and S, in analogy with (I o and
(S,) in the pure spin case. (We emphasize that the term

“population difference” cannot be used here, since quasi-
equilibrium has not yet been reached.) It is obvious that
(Np) = (Ng)=k(#,)/A, where k=2 or 3, depending on the
presence of a common level for the I and S transitions
(see Sec. 2). At the same time, {(N;)+{(N¢)=const=0
(the last equality is the consequence of the adiabatic de-
magnetization in the rotating coordinate system), so
that (N;)= = (Ng)=k(%,)/24. 1t is clear therefore that
to register the change (5’€A) of interest to us it suffices
to follow the polarization of one of the transitions, I or
S (for example, by measuring it by resonant methods at
the frequency w, or wg).

E. After the damping of the oscillations, as follows
from (11) and (12), the value B, =3,(0) Sp%’ r/Tr 3%
~B4(0) e % /At is established. Taking into account the
estimate for B,(0) it follows therefore that B, = - B
~+Botw,/A. Thus, at ¢~1and lA| ~(5-10)w,, the re-
sultant polarization of the transitions I and S constitutes
an appreciable fraction of its equilibrium value and can
be easily measured. In the case e¢<< 1 (“forbidden” CR),
the detection of the effect is made very difficult (although
still not excluded).

F. Finally, the last stage of the experiment can be
the registration of the relatively slow process of the
“CR proper”; this part of the experiment provides in
principle no new information and can be regarded as a
control experiment.

The entire experiment should be carried out within
a time much shorter than the spin-lattice relaxation
time.

The described procedure is not the only one possible.
Alternative variants may include, for example, direct
observation of the longitudinal magnetization after a fast
variation of A, or else the determination of the stationary
longitudinal-absorption spectrum at low frequencies. In
the latter case, as shown in'*®), a characteristic maxi-
mum should be observed at the frequency A, with a
shape that reflects the form of the function Wg(4); it is
clear that this “line” is due to the fast relaxation pro-
cess considered by us and is related to F(¢) by a Fourier
transformation. *

Thus, observation of the described effects is perfectly
realistic. In addition to its fundamental significance,
such experiments yield a new method of studying spin-
spin interactions (and, in particular, the CR “line”
shape)—a method in the spirt of modern pulsed Fourier
spectroscopy.

The authors thank M. E. Zhabotinski; for constant in-
terest in the work.
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DFor simplicity we shall refer only to DD interactions, and
accordingly to the dipole—dipole pool (DDP), although all the
results can be easily generalized also to other types of spin—
spin interactions, such as exchange interactions.

2We note that this conclusion contradicts the idea of treating
the subsystem::‘ cr s a separate quasi-equilibrium pool. t6]

$)This circumstance was pointed out to us by L. L. Buishvili.

#'This damping, of course, is not irreversible,but here, at
least in principle, experiments of a spin-echo type are possi-
ble.

At the same time, this “line” can be regarded as a result of
induced two-spin transitions: in this sense it is the analog
of the low-frequency “Van Vleck satellites” in magnetic-
resonance spectra.
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It is found that the homogeneous density distribution of a quasineutral electron-hole plasma becomes
unstable when the plasma is uniformly heated. by photogeneration or in an electric field, even if the
condition for ordinary superheat instability is not fulfilled and external fluxes (temperature and
concentration gradients, or a current) are absent. The instability is of an aperiodic nature and arises with
respect to perturbations with a characteristic wave vector ko= (LI )~12, where L is the bipolar diffusion
length and [ is the hot electron cooling length. It is shown in the “hydrodynamic™ approximation that at
L > [ stratification of the plasma occurs when the hot-electron momentum is scattered by charged centers,
irrespective of the mechanism of the electron energy relaxation. From an analysis of the nonlinear one-
dimensional problem it follows that the stable distributions of the carrier density and of the carrier
temperature are those having the form of large-amplitude oscillations with a period of the order of
(LDY2. The stratification mechanism considered may be one of the causes of the ‘“‘drop formation”
observed experimentally in a nonequilibrium electron-hole plasma of a semiconductor.

PACS numbers: 72.30.+q, 71.80.+j

1. INTRODUCTION. STRATIFICATION MECHANISM

In homogeneous systems that are disturbed by exter-
nal actions out of their thermodynamic equilibrium state,
ordered inhomogeneous stationary states are frequently
produced. ! Thus, for example, superheat instability,
which leads to a non-single-valued current-voltage char-
acteristic, produces in semiconductors an inhomoge-
neous distribution of the electric field or of the current
density."'” The formation of such inhomogeneous states
can be connected with the presence of not only external
but also “latent” (with respect to one of the parameters)
negative differential resistance. 5’ When external con-
ditions produce temperature gradients or carrier-den-
sity gradients, the onset or the ordered structure takes
place under less stringent requirements with respect to
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the semiconductor parameters. ®" In particular, in the

presence of a temperature gradient, static spatially-
periodic distributions are produced both in liquids (the
Benard phenomenon) and in systems of hot electrons in
semiconductors. '™ In this paper we consider an insta-
bility homogeneously heated by a quasi-neutral electron-
hole plasma or a weakly-ionized gas, leading to strati-
fication even in those cases when the conditions of the
superheat instability are not satisfied and there are no
fluxes (gradients of the temperature and of the carrier
density) as specified by the external conditions.

The gist of the considered stratification mechanism
of an electron-hole plasma (weakly ionized gas) consists
in the following. Assume that electron-hole pairs are
homogeneously generated in a semiconductor by photo-
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