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The processes involved in the transformation of the external static field of ferromagnets and
ferroelectrics into radiation are examined. Attention is focused mainly on the case of fast phase
transitions, during which the polarization decay (or rise) time is much shorter than the light
propagation time over the maximum diameter of the body. It is shown that highly efficient
conversion of static polarization energy into directed radiation occurs in this case. The
spatiotemporal characteristics of the radiation are found. © 1996 American Institute of Physics.
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1. INTRODUCTION

A large number of studies of the electrical phenomena
accompanying phase transitions, specifically, during crystal-
lization of water and some dielectrics have been performed
in the last few years (see, for example, Refs. 1 and 2). The
observed effects are weak and difficult to interpret. In the
present paper we examine the problem of electromagnetic
radiation accompanying phase transitions from a different
standpoint, which will make it possible not only to monitor
the strength of the observed effects but also to use them for
constructing new types of radiators.

It is well known that, as a rule, single-domain ferromag-
nets at temperatures below the Curie point possess an exter-
nal magnetic field and at higher temperatures there is no
external field. This raises the question of whether the energy
stored in the external field goes into radiation or heat. The
same question can also be raised for ferroelectrics, though in
this case the effect of free surface charges and currents
makes the answer less certain. As far as we know, this ques-
tion was first stated clearly in Ref. 3, where radioemission
accompanying phase transitions in ferroelectrics was studied.
Unfortunately, the quasistationary approach employed in
Ref. 3 does not, in principle, describe the most interesting
strong-radiation effects, since during slow phase transitions
virtually all of the energy stored in the external field is dis-
sipated in the form of heat and the radiation effects are too
weak compared with other effects, for example, the fields of
surface charges. Evidently, this is why the experiments per-
formed in Ref. 4 do not agree with the theory of Ref. 3.
Nonetheless, it is possible to produce conditions under which
a large fraction of the external static electromagnetic energy
of a polarized body can be converted into electromagnetic
radiation. This was proved in Ref. 5, where it was shown for
the case of a rapidly decaying ring current that under certain
conditions—for relaxation times shorter than the light propa-
gation time over the maximum diameter of the ring— the
system can radiate efficiently. This result is completely ap-
plicable also to phase transitions in polarized bodies.

Our objective in the present paper is to investigate the
transformation of the energy stored in the external fields of
polarized bedies into radiation during rapid phase transitions.
In Sec. 2 a qualitative analysis of the problem is presented
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and it is shown that in quasi-one- or quasi-two-dimensional
single-domain samples a fast phase transition and therefore
efficient emission of radiation are possible. In Secs. 3 and 4,
the analytical results of an investigation of the radiation pro-
cesses accompanying a fast phase transition in a discoid
(quasi-two-dimensional) ferromagnetic sample and a needle-
shaped (quasi-one-dimensional) ferroelectric sample, respec-
tively, are presented and it is shown that the energy stored in
the external static electric magnetic field can be efficiently
converted into radiation. In the concluding section, the re-
sults are discussed and the prospects for further investiga-
tions are outlined.

2. QUALITATIVE ANALYSIS OF THE PROBLEM

Consider a single-domain sample at a temperature below
the Curie point. If it is assumed that somehow the sample
can instantaneously go over to a nonconducting paramag-
netic state, then a nonzero external field will evolve accord-
ing to Maxwell’s laws for free space and therefore the energy
of the sample will be converted completely into electromag-
netic radiation. In the opposite case, when the sample is
heated adiabatically, of course, there will be no radiation.

In the intermediate case of a phase transition with a char-
acteristic time 7 it can be assumed that the energy contained
in a region of space of thickness ¢y next to the body flows
into the body and is dissipated there, and the energy outside
this region is radiated, since at times > 7, there are no cur-
rents in the system and the free fields are converted into
radiation (see Fig. 1). For sufficiently short phase-transition
times a region of thickness ¢ 7, next to the sample contains a
very small fraction of the total external energy. This means
that in this regime the radiation efficiency is high.

An instantaneous phase transition is impossible, and to
obtain a sufficiently rapid transition with minimum energy
expenditure quasi-one- or quasi-two-dimensional structures
must be used. The main condition for efficient conversion of
the energy stored in the static field into radiation can be
satisfied by means of the shock action of a laser or other
beam on the sample at its thinnest point:’

CTO<<rnmx9 (l)
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FIG. 1. Geometry of the quasi-two-dimensional problem.

where 7, is the maximum characteristic size of the sample
and 7, is the total phase-transition time. This inequality guar-
antees that the dissipated energy will be very small compared
with the radiated energy. In our case the transition time is
determined by the velocity v, of the (shock) wave of the
phase transformation and the scale size r,,;, of the thinnest
part of the sample, i.e., efficient energy conversion occurs
under the condition

v, c

I mi r
= mm< max (2)

As the polarized state decays, part of the energy stored in the
external field in the region of space next to the sample will
be dissipated in the sample.

Since the ratio of the velocity of the shock wave to the
velocity of light is small, a regime of efficient emission of
radiation can be obtained quite simply only for thin films or
needle-shaped samples. Furthermore, even when the external
conditions are produced, the phase transition does not occur
instantaneously and along with (2), the relaxation time 7,
must be short:

,
T,< lzax . 3)

3. CHARACTERISTICS OF THE RADIATION
ACCOMPANYING FAST RELAXATION OF A SINGLE-
DOMAIN DISCOID FERROMAGNET

In this section, to find the radiation fields, we shall ex-
amine the case when the magnetization of a sample in the
form of an oblate ellipsoid of revolution varies according to
a fixed temporal law but in the process remains constant in
direction. The variation of the magnetization will be equiva-
lent to a change in an effective surface current. Further, if
attention is confined to a thin disc (and only such samples
can radiate efficiently), then the surface current will be con-
centrated mainly far from the symmetry axis of the problem
and can be well approximated by a ring current with a cor-
responding magnitude and radius.

The total effective current / can be easily found from
the relation

Iozf fds C curl(M0)¢=6'M02b, (4)

y
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where M, is the initial magnetization.

The effective radius p, of the approximating ring current
can be found from the definition of the magnetic moment of
the current

Iy

— 2=i wa*bM 5
c Po 3 0>

whence an expression can be found for py:

2
po= \/;a- ©)

Therefore the problem of radiation emission from a dis-
coid ferromagnetic sample is completely equivalent to the
problem of a rapidly decaying ring current, which was com-
pletely solved in Ref. 5 in the case of a current varying
according to the law

_ 2 t
I(t)=1, 1-—;arctan ;_—(;) @)

The electric component of the radiation field is described
by the expression

V2polo
E“’—?R_’I'()F(T’a)’ 8)
where
F(7,0) !
PN ==y e

X[V(P—e2—1)2+47 e —1+7
_T\/\/(T2_8f_1)7+47-2+82+1—7'2]. )

Here the retarded time 7=(¢t—R,/c)/7y is used, and
e=vwsin # and v=py/c7y. In addition, as usual, R is the
distance from the center of the body to the observation point.
The electric field in the radiation zone (more accurately, the
dimensionless function (9)) as a function of the dimension-
less time 7 and the observation angle 8, measured from the
symmetry axis of the system, is shown in Fig. 2.
The radiation spectrum is described by the expression

io 27Tp01()l wpPo sin 0
E«’(“’):f dt e'”'E (1)= R J, -
Xexp(—|w7g)). (10)

We obtain for the directional pattern of the radiation, by
which we mean here the energy passing through a given
solid angle

c

ypm EXB, (1)

W(0)=R2f dt S(9,1), S=

the expression

252 2
_ polo 2+e €
W(9)= PP ( s K N

l+¢

_m—mg( )) (12)
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where K and E are complete elliptic integrals. The concen-
tration factor D

w

D(0,v)=4mw AW (13)
is shown in Fig. 3 as a function of the observation angle and
the ratio v=py/c7y. It is seen clearly in this figure that for a
sufficiently fast phase transition (large values of v) the radia-
tion is concentrated in a narrow cone near the symmetry axis
of the body.

The total radiated energy E, is obtained by integrating
(12) over the solid angle

/ ¢
7/

FIG. 3. Radiation concentration factor D versus v=p,/c 7, and observation
angle 6, mcasured from the symmetry axis of a discoid body.
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FIG. 2. Dimensionless function F(7,6) (9) versus the dimen-
sionless time 7 and the observation angle # measured from the
symmetry axis of the system for a discoid body.

27"'[’013
Eradz_?f—

ln(v+\/1+v7)—-2;(\/l+v7—l) .
(14)

It is easy to see that the energy stored in the static mag-
netic field outside the ellipsoid is described by the expres-
sions

872a’b

Eou=—73— Mg ur(y)(1-uz(y)), (15)

1 1 (7 1
uT(y)=-ITy-f l—x 7-arctanx ,

)\=\/l—y7/y,

which can be obtained with
expressions.®

The ratio n=E 4/ E,, characterizing the radiation ef-
ficiency, can be easily found from (14) and (16):

y=bla<kl, (16)

the aid of well-known

2
n:%ﬁ In(o+ VTF %)= (VTT32-1) |,

2 a 17
- 3cty’ (17)

In deriving this expression we took into consideration
the thickness of the disk, i.e., we set

a
ur(7)=1-57- (18)

The function 7(v) (17) is shown in Fig. 4.

In summary, energy is radiated efficiently if the magne-
tization of the sample changes sufficiently rapidly, and the
directional pattern of this radiation is sharp (see Fig. 3). We
note that the expressions obtained (including also the expres-
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FIG. 4. Radiation efficiency as a function of v=p,/c 7, for a discoid body.

sion for the efficiency (17)) hold only for phase transitions
which are not too fast, since for ¢ 7o~ b our approximation of
an infinitely thin disk is not entirely correct.

4. CHARACTERISTICS OF THE RADIATION
ACCOMPANYING FAST RELAXATION OF A SINGLE-
DOMAIN NEEDLE-SHAPED FERROELECTRIC

We now consider a quasi-one-dimensional polarized
structure. Here we shall employ the electric terminology, i.e.,
we shall study a ferroelectric sample in the form of a
strongly prolate ellipsoid of revolution with polarization vec-
tor P directed along the symmetry axis of the system. The
geometry of the problem is shown in Fig. 5.

As the magnitude (but not the direction) of the electric
polarization vector varies, a current will flow from one end
of the sample to the other. Since the sample is thin, it can be
assumed that the current is concentrated only on the axis of
the system and is described by the expression

Sample;

@ v

I(n

Beam producing the transition

® Qv

Dissipation region

FIG. 5. Geometry of the quasi-one-dimensional problem.
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J:=Q2(1) 8(x)8(y)O(lo—2)O(ly+2) (19)

and that the electric charge density will be different from
zero only at the ends of the ellipsoid

p=Q(1)(8(z—1lo) — &(z+1y)) 6(x) &(y). (20)

In Egs. (20) and (21) & and ® are the Dirac and Heaviside
functions, respectively. The charge Q(t) can be determined
from the standard formula

Q()=ma’P (1), @21)

where P, is the polarization vector, while the effective length
I, of the dipole can be found, just as in the ‘‘magnetic’’ case,
from the definition of the electric dipole moment

4
3 ma’bP (t)=21,0(t). (22)
Hence we have for / the expression

/ 2

0=§ b. (23)
Therefore the problem of radiation from a prolate ferroelec-
tric ellipsoid of revolution reduces to solving the inhomoge-
neous Maxwell equations with the prescribed current and
charge densities (19) and (20).

The solution of these equations in the wave region can
be found by the standard methods. If the polarization of the
sample varies according to the law (7) and is directed along
the symmetry axis of the problem, only the z component of
the vector potential is different from zero. Simple integra-
tions yield the following expression for it:

o
A=~ R cos ¥

ct' —1y cos 1.‘})

CTo

(ct’+lo cos 19)
arctan| ———————
CTy

+ arctan( (24)
where t' =t—R/c is the retarded time.

Correspondingly, we obtain for the magnetic field,
which possesses only an azimuthal component,

B, Qo
mRcT

G(t'l7y,0), (25)

1
1+(t'/ 7o+ v cos 9)2

G(t'/7y,0)=tan 0

1
1+(t'/ 79— v cos 1‘})2]' (26)
Here and below we write v=1y/c1y=2b/3c7y. The func-
tion G(r, ) versus the dimensionless time and angle is dis-
played in Fig. 6.
Integrating the squared magnetic field over time, we find
the following expression for the total radiation energy pass-
ing into a unit solid angle:

2 .
Q0V2 sin? 9

4micry 1+ v cos? §

W(0)= 2n
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FIG. 6. Dimensionless function G(7,6) (26) versus the dimensionless time
7 and observation angle 6 measured from the symmetry axis of a needle-
shaped body, v=35.

The concentration factor D (13) for the case at hand is
shown for different values of v in Fig. 7. One can see from
this figure that as the phase transition accelerates, radiation is
concentrated in a plane perpendicular to the symmetry axis
of the system.

Integrating over angles, we find the total radiated energy

2

Erad=-—0- [— v+ (1+ v?)arctan v]. (28)

iy

An expression for the total initial external energy is eas-
ily obtained from the general expression in Ref. 6. In the
case of a strongly prolate ellipsoid of revolution we obtain

8 w2a’b 5 a® b
Eout=—3—— Pob—2 In Pl (29)

Knowing the ratio of the radiated energy to the initial
energy, we can find the radiation efficiency as

9
=—| - 2

7= 16w In(b/a) [—v+(1+v%)arctan v],
2b

Y= 3¢ty (30)
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FIG. 7. Radiation concentration factor D versus the observation angle 6
measured from the symmetry axis of a needle-shaped body, for different
values of v=pg/c7y.
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FIG. 8. Radiation efficiency as a function of v=p,/c 7, for a needle-shaped
body with b/a= 500.

Just as in the case of the radiation from a disk, the ex-
pressions obtained for the radiation efficiency are valid for
phase transitions which are not too rapid, since the approxi-
mation of an infinitesimally thin disk is incorrect in this case.
The correct calculations in this case, as can be demonstrated
for the examples of discoid ferromagnet and a ring current,
show that the efficiency is close to 1.

5. CONCLUSIONS

The expressions obtained in Secs. 3 and 4 for the space—
time and energy characteristics of the radiation accompany-
ing fast phase transitions in oblate and prolate polarized
samples solve the problem completely if the dependence of
the polarization on the time and the thinness of the samples
is given. Of course, the specific law of variation of the po-
larization does not affect the results obtained, since only the
characteristic transition time is important.

We consider now how sufficiently short transition times
can be achieved. Here one should keep foremost in mind the
fact that if the structural changes occurring in the sample in
the process of a phase transition are not too strong, then the
shortest achievable transition time is bounded by the relax-
ation time of the polarization in the sample. Specifically, for
ferromagnets the relaxation time is equal to approximately
10 ns, while for ferroelectrics the characteristic relaxation
times are of order 0.1-0.01 ns. Hence it follows that the
largest dimension of a ferromagnetic sample must be

rmax,magn> c Tr,magn= 3 m,

which is quite large. A more favorable situation obtains in
the case of ferroelectrics

¥ max,el> C Ty =3 CmM.

In summary, if a thick ferroelectric film ~100 cm in
diameter and ~1 mm is irradiated with a sufficiently pow-
erful energy flux (laser, beam), then a quite powerful and
directed pulse of radio radiation can be expected. For ex-
ample, for a LiNbQOj; film with spontaneous polarization
~0.7 C/m? (Ref. 7) the energy emitted in directed radiation
equals ~100 kJ over a time ~1 ns, i.e., the power is
~ 100 TW!
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We note, however, that in this case, as already men-
tioned in the introduction, the existence of free charge in air
will result in the appearance of additional currents, which,
evidently, will decrease the radiation effects. A quantitative
investigation of this aspect of the problem requires an addi-
tional analysis.

Moreover, in the present paper we did not examine the
questions concerning the preparation of single-domain, one-
and two-dimensional, polarized samples, which in itself pre-
sents certain experimental difficulties. These and other ques-
tions concerning the problem of radiation accompanying fast
phase transitions merit further investigation.
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