the number of particles in a critical nucleus is fairly
large. However, it is important to note that the adopted
method can be applied effectively to those cases when
the size of a critical nucleus is finite and the macro-
scopic description is difficult. This becomes particular-
ly clear when we turn to the results of Sec. 4, which
demonstrate proximity of the subbarrier transition am-
plitudes for the evolution of a compact nucleus and pure-
ly random formation of the interior of a critical nucleus.
In particular, the results make it possible to analyze

an intrinsic class of problems corresponding to decay

of a metastable phase by formation of clusters with very
much modified atomic configurations. It should be noted
that in the latter case the discrete nature of the energy

levels is very pronounced and the inelastic interaction
with the phonon subsystem, considered in Sec. 5, may
be of fundamental importance.

11, M. Lifshitz and Yu. Kagan, Zh. Eksp. Teor. Fiz. 62, 385
(1972) [Sov. Phys. JETP 35, 296 (1972)).

%S, V. Iordanskil and A, M. Finkel’shtein, Zh. Eksp. Teor. Fiz.
62, 403 (1972) [Sov. Phys. JETP 35, 215 (1972)]. .
3Yu. Kagan and L. A. Maksimov, Zh. Eksp. Teor. Fiz. 65, 622

(1973) [Sov. Phys. JETP 38, 307 (1974)].
4Yu. Kagan and M. I. Klinger, J. Phys. C 7, 2791 (1974).

Translated by A, Tybulewicz

Motion of domain walls in an external magnetic field
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It is shown that in a range of magnetic fields exceeding the known value of the Walker limiting field,
there can exist stationary-profile waves corresponding to moving domain walls with a definite internal

structure.

PACS numbers: 75.60.Ch, 75.30.Ds

1. Investigations of steady-state motions of domain
walls™ 2 have shown that with allowance for uniaxial an-
isotropy of the ferromagnet, dissipation, and an extern-
al magnetic field directed along the anisotropy axis, the
velocity of a stationary-profile wave is bounded from
above by the value

(AK)"

- 1.1
U_ =2yl a u-(€). (1.1)
Here the following notation is used:

u_(e)=(i+e)*—1, e=2aM /K (1.2)

v is the gyromagnetic ratio, A and K are the exchange
and the uniaxial-anisotropy energy constants, and M| is
the saturation magnetization. Furthermore, as was
first mentioned by Walker,! the range of existence of
stationary motions of domain walls of the Bloch-Landau
or Néel type, characterized by a constant orientation of
the plane of rotation of the magnetic moment, is
bounded from above by a value of the magnetic field
equal to

2K 1
H.=7”‘:h1, h1=—2-oce,

a is the damping parameter.

(1.3)

A solution of the Landau-Lifshitz equations that corre-
sponds to a stationary-profile wave with a constant
orientation of the plane of rotation of the magnetic mo-
ment cannot be continued into the external magnetic
field range H, > H,.
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The present paper discusses the possibility of exist-
ence of stationary-profile waves in the external-field
range H,>H,. Waves of this type correspond to station-
ary motions of domain walls that are characterized by
a definite internal structure. Specifically, turning of
the plane of rotation of the magnetic moment leads to
the appearance of a definite number of “internal” do-
main walls, because of the fact that the projection of the
magnetic moment on the direction of the external field
changes sign several times during passage from the
region of uniform magnetization along the external field
to the region of uniform magnetization opposite to the
external field.

In the case considered, the system of Landau-Lifshitz
equations has the form

0” — (1+w*+e cos® @)sin § cos 0—h, sin O=ue sin 0—aubd’,
(@ sin® 8) “+¢ sin® O cos ¢ sin p=~-ub’ sin 0—auw sin® 6.
o=q’.

(1.4)

Here u is the velocity of the stationary-profile wave
divided by the characteristic velocity 2 |y [(AK)*/2/M ;
h, is the external magnetic field divided by the aniso-
tropy field 2K/M & 0 and @ are the polar and azimuthal
angles of the vector magnetic moment; the differentia-
tion is with respect to the variable £=x - u¢ (the spatial
variable x has been divided by the characteristic thick-
ness (4/K)*/2 of a Bloch wall).

For a stationary-~profile wave, corresponding to
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steady-state motion of a domain wall, the asymptotic
boundary conditions are

lim g = ¢-, (1.5)

limg=g¢,, - lim @ =0.
0-+0 LR

0—0,%

An exact consequence of the Landau-Lifshitz equations
(1.4), with allowance for the boundary conditions (1.5),
is the integral relation

+o
u=2h,/ca J. dg (0’ + w?sin®0).

(1.6)

Analysis of the asymptotic behavior of solutions of the
system (1.4) in a region where uniform magnetization is
established leads to the relation®

&? cos’ @ 8in® Q.
“1+ecos @ F (hy+ /508 sin 2.)

(1.7)

u

which shows that the velocity of motion of all types of
domain walls is bounded from above by the limiting
value (1.1). But here there is no necessity for a condi-
tion that the external magnetic fields be bounded by the
values (1.2). The condition k, <k, means that in this
case solutions of the stationary-profile wave type are
possible with the same orientation of the plane of rota-
tion of the magnetic moment in the regions where uni-
form magnetization is established (¢_=¢,). It is to this
type that the well-known exact solution belongs, in
which the orientation of the plane of rotation of the mag-
netic moment is constant throughout spacel»?;

¢-=q(z—ut) =g, (1.8)

When k,>h,, the only possible stationary-profile
waves are ones in which the plane of rotation of the
magnetic moment turns (¢_# ¢,). Then according to
(1.7), the upper bound to the velocity is much less than
the limiting velocity (1.1) and decreases with increase
of the external field. ‘

Numerical analysis of the problem of steady-state
motion of domain walls, with allowance for two angular
degrees of freedom of the magnetic moment, indicates
the existence of a series of stationary-profile waves

that can be classified according to the number of intern-

al domain walls (that is, according to the number of
zeros of cos 8). Such formations can be regarded quali-
tatively as a “coupled” state (or cluster) of an odd num-
ber of moving domain walls. The integral relation (1.6)
leads to the following simple estimate of the velocity of
a stationary-profile wave corresponding to a coupled
state of 2r+ 1 domain walls:

h.at
2n+1"'
The relation (1.9) indicates a decrease of the mobility
of a cluster with increase of the number of internal do-
main walls. Since all values u,,,, of the velocity must
satisfy the relation

Uanss (B:) Su—(e), (1.10)

we arrive at the conclusion that every stationary-profile
wave corresponding to steady-state motion of a domain
wall with internal structure is characterized by a limit-
ing value of the external magnetic field

‘n=0,1,2,.... (1.9)

Usngy (hs) ~ const-2

honsi~const-'/.(2n+1) au-(e). (1.11)
Figure 1 shows the variation of the velocity of propaga-
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FIG. 1. Variation of velocity of motion of domain walls with
external field (6=0.1; @=0.1). Curves 1 correspond to mo-
tion of a domain wall with constant orientation of the plane of
rotation of the magnetic moment; curves 2 and 3 correspond to
moving clusters of three and of five domain walls. The rela-
tions obtained from the estimates (1.9) are represented by the
dotted curves.

tion of a stationary-profile wave with external magnetic
field h,, as it depends on the internal structure of the
wave, according to the estimates (1.9) and (1.11) and
also according to the results of numerical analysis. On
increase of the number of internal domain walls, the
mobility of the cluster decreases, but the limiting value
of the external field increases.

A stationary-profile wave with a constant orientation
of the plane of rotation of the magnetic moment, (1.8),
is represented in the (u, k,) plane by two curves, close
in proportion to the smallness of the parameter € of the
magnetic medium, corresponding to moving domain
walls of Bloch and of Néel types. At h,~h, these curves
run together. As a result of numerical analysis, a
similar splitting was observed in an investigation of the
ug(h,) relation for a cluster formed by three domain
walls. The corresponding distributions of the polar
and azimuthal angles are shown in Figs. 2 and 3. The

FIG. 2. Domain-wall structure corresponding to a cluster con-
sisting of three domain walls, with monotonic variation of the
azimuthal angle ¢. The solid curve corresponds to £€=0.2,
a=0.1, h,=0.02, 2=0.06; the dotted curve corresponds to
€=0.2, =0.01, k,=0.002, u=0.06.
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FIG. 3. Domain wall structure corresponding to a cluster of
three domain walls with a change of sign of ¢; £€=0.2, a=0.1,
he=0.005, u=0.016.

behavior of the split states at #,~h; was not investi-
gated because of computational difficulties. For the
same reason, the splitting of the u4(h,) curves for a
cluster formed by five domain walls was not investi-
gated. The solutions found were of a single type (see
Fig. 4).

2, We shall give expressions that determine the
asymptotic behavior of the solutions of the Landau-Lif-
shitz equations (1.4) in a region where uniform magneti-
zation is established. For 6 -0, the system (1.4) can
be written in the form

dar
@ —+ *+oul—w’*~ue=1+h, + L e+ r € cos 2¢,
de 2 2 (2_1)

’
’

do 1
) 20 20l +ul'tauo 3 esin2g, T 0 o=@,
Here the azimuthal angle ¢ has been introduced as the
independent variable. The case

a=h,=0

was treated earlier.? Omitting some simple calcula-
tions, we shall give the final result. The solution of the
system (2.1) has the form

1 e
T@ =Tt - ror e e

_ ully _i e
2l tau 2 [ (2l tau)+u?]™

cos 2(p+8),

(2.2)

o(p)= sin 2(@+9),

u
tg28= 2T +au *
The following condition for solvability of the system
must be satisfied:

%[1_ (ﬁ%)’] [ 2Tv+au) +ut]
1 e?

o
4 (2@,+au)*+u?

= 1+h, +%—-e. (2.3)

Similar relations arise for 6 — 7. The asymptotic bound-
ary conditions (1.5) correspond to zeros of the preces-
sion frequency, which is determined by the second of
the relations (2.2). The condition

o(9)=0
leads to the relation (1.7).
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FIG. 4. Domain wall structure corresponding to a cluster of
five domain walls with a change of sign of ¢; €=0.2, a=0.1,
h,=0.0125, u=0.024.

In the numerical analysis of the problem of stationary-
profile waves corresponding to steady-state moving do-
main walls with a turning of the plane of rotation of the
magnetic moment, the following algorithm was used.

We consider the function

H= (5—:)2+ [(%)2—1—3 cos’q:] sin? 0+2h, cos 6, (2.4)
which by virtue of
%=——au[({;—:) +(j—:) sinze] (2.5)

decreases monotonically along solutions of the system
(1.4) and takes values from 2k, to -2k, at the self-
localized solutions. We consider two one-parameter
families of trajectories, “exiting” from the region of
uniform magnetization along the external field (6 -0 at
t - —») and “entering” the region of uniform magnetiza-
tion opposite to the external field (6 - 7 at £ - «); and let
C_ and C, be the respective parameters of these fami-
lies. These two familes form, on intersection with the
three-dimensional surface#=0, two curves

{6-(C-), 8-/ (C-), 9-(C-), 9-"(C-)},
{64(C4), 8.7(C4), 94(Cy), 947 (C4)}-

Thus in order to find a self-localized solution of the
system (1.4), it is necessary to solve the system of
three equations

0-(C-)=0+(C+), 9-(C-)=94+(C+), 9-"(C-) =@+ (C+) 2.7

with the two unknowns C_and C,. For arbitrary values
of the parameters a, €, h,, and u of the system (1.4),

this is in general impossible. Therefore the system of
three equations (2.7) was solved for the three unknowns
C, and « at fixed values of the parameters a, €, and &,.

(2.6)

3. Thus analysis of the problem of steady-state mo-
tion of domain walls with internal structure indicates
the possibility of existence of stationary-profile waves
in magnetic fields exceeding the Walker limiting field
(1.3).

We remark that the impossibility of continuing the
particular Walker solution (1.8) into the range of ex-

Eleonskil et al. 354



ternal magnetic fields #,>h, led to the model of oscil-
lating motion of domain walls.>® The basis of the
model is the assumption that in external fields #,>h,, a
spatially uniform precession of the magnetic moment is
excited, with preservation of the simple and well-known
functional structure of the domain wall with respect to
the polar angle 6. Application of a variational principle
leads to “contraction” of the system of differential
equations determining the time dependence of the varia-
tional parameters. In fields larger than the limiting
field h,, there occurs an oscillating motion of the do-
main wall, leading to the occurrence of a characteris-
tic N-shaped variation of the mean velocity of motion of
the domain wall with external field.

The existence of two essentially complementary mod-
els of the motion of domain walls in external magnetic
fields indicates two possibilities for evolution of the
system on attainment of the limiting values of external
magnetic fields. Namely, on passage through critical

field values either definite types of stationary-profile
waves may be excited, or self-neutralization of the
precessional motion leads to the result that the rotation
of the magnetic moment is independent of the preces-
sion. Both models lead to a decrease of the mobility of
domain walls on passage through a limiting field.
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An investigation was made of the dependences of the intensities of photothermal ionization lines of excited
states of shallow impurities in Ge on the intensity of impurity-absorbed background radiation and on
temperature. The results obtained were used to find the density and lifetime of carriers of lower excited
states of the impurity centers. The lifetimes of the excited states of donors in Ge were 107°~10~!! sec and
the lifetime of the lower excited state of acceptors was ~10~7 sec. In the presence of background
radiation the population of the excited states was very different from the equilibrium value and, in
particular, a population inversion of the 2p_, state relative to the 3p, and 3s states was observed.

PACS numbers: 71.55.Dp, 78.50.Ge, 42.50. + q

1. INTRODUCTION

Information on the lifetimes of excited states of im-
purities in semiconductors and on the distribution of
nonequilibrium carriers between such excited states un-
der various conditions is essential for the understanding
of the recombination of fréee carriers at impurity cen-
ters, establishment of an equilibrium between impurity
states and a vacant band in the case of impact ionization
of impurities, optical heating of free carriers, and
other experiments.

The generally accepted classical cascade recombina-
tion model of Lax,! greatly refined and developed by
Abakumov et al.,?*® does not allow for the discrete na-
ture of the energy spectrum of the impurity electrons.
Quantum calculations? show that lower excited states
may play a fairly important role in the process of elec-
tron capture but not all of them are equivalent from the
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point of view of capture: for example, the states with a
finite projection of the orbital momentum can be ignored.
The lifetimes of excited donor states 7 calculated in
these treatments amount to 107!°~ 1078 sec at low tem-
peratures. Recent investigations of oscillations of the
photoconductivity and photo-emf of p-type Ge subjected
to a magnetic field® can be explained assuming anomal-
ously long carrier lifetimes of the first excited acceptor
state (1078-10"7 sec). Even longer lifetimes (exceeding
seconds) of the 2s and split 1s states of donors in Si are
suggested by Lehto and Proctor® to explain the impurity
breakdown kinetics. Such a very great difference be-
tween the values of 7 obtained using the approximate the-
ory and indirect experimental data makes it highly de-
sirable to determine directly the excited-state lifetimes.

The energies of transitions between excited impurity
states correspond to the submillimeter wavelength
range; only recently it has become possible to carry out
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