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Electromagnetic waves generated by the Heusler alloy Ni2.14Mn0.81GaFe0.05 at structural phase transition was
detected in the frequency range of 28�32 GHz. In�uence of the kinetics of phase transitions on the nature of
the sample millimeter radiation was studied as well. It has been observed that the contribution of the intrinsic
radiation increases with increasing of the heating/cooling rate. The possible mechanisms and theory of such e�ect
is discussed. It is shown that the maximum radiation intensity should be emitted in direction perpendicular to the
movement of interphase boundary.
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1. Introduction

In recent years both theoreticians and experimentalists
have heightened interest in new e�ects of electromagnetic
waves generation under nonequilibrium processes in con-
densed media. Phase transitions (PT) of the 1st and the
2nd orders go at signi�cant deviation from equilibrium
state, and in this case the medium is active, i.e. is ca-
pable to emit energy as electromagnetic and/or acoustic
waves. Therefore, there is a jump of magnetization ∆M
or polarization ∆P of a sample at PT in the magnetic or
electrodipole subsystem respectively, which lead to gen-
eration of electromagnetic and acoustic �elds pulses [1, 2].
Structural PT of the 1st order has a more complex na-
ture of the radiation. Structural PT goes during a cer-
tain time when nuclei of a new phase, phase boundaries,
various defects, dislocations and fractures may form in
the sample, that leads to the generation of electromag-
netic and acoustic pulses [3]. The mechanisms of such
e�ects may di�er for di�erent materials: ionic crystal,
ice, metallic material, rock, etc. In metals, it may be the
movement of electrons in the potential generated by the
elastic strains around a dislocation. Near an edge dislo-
cation of semiconductors the un�lled valence bonds play
a role of acceptor sites, and so, have an e�ect on recombi-
nation processes and/or carrier mobility [4]. Plastic de-
formation may also lead to the emission of free electrons,
ions, photons, etc. from the surface. Electromagnetic
radiation emission in metallic materials due to plastic
deformation, plastic �ow, crack initiation and propaga-
tion, and fracture has been well investigated [5�7]. Nev-
ertheless, electromagnetic waves emission during PT in
materials is yet to be explored deeper.
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Fig. 1. The diagram of experimental setup: 1 � the
circulator, 2 � the attenuator, 3 � the load is cooled by
liquid nitrogen, 4 � the sample, 5 � the thermocouple,
6 � the Peltier element, 7 � the generator (17 kHz),
8 � the two-coil magnetometer.

Fig. 2. The temperature dependences of (a) the mag-
netic susceptibility, (b) the radiation intensity of the
sample when it was heated up to 92 ◦C and was cooled
after that. The heating/cooling rate was 1 K/s.

The 2nd order paramagnetic-ferromagnetic PT (Tc =
75 ◦C) and the magneto-structural of 1st order austenite-
martensite PT (Tm = 45−65 ◦C) occur in the
Heusler alloy Ni2.14Mn0.81GaFe0.05, see Fig. 2a [8, 9].
In this work we observe experimentally the elec-
tromagnetic wave emission from the free surface
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of the Ni2.14Mn0.81GaFe0.05 sample at the magneto-
structural PT. We also discuss a possible mechanisms
and theory of such e�ect.

2. Experiment

The ability to self-radiation of electromagnetic waves
from the free surface of the sample Heusler alloy
Ni2.14Mn0.81GaFe0.05 has been experimentally investi-
gated in the wavelength range of 8 mm. For the investi-
gation of the sample radiation and to separate the con-
tributions from radiation caused by the PT, and the con-
tribution from the changes in the re�ection coe�cient of
thermal radiation environment in the frequency-domain
of 28�32 GHz, an original experimental setup has been
developed (Fig. 1). It includes a Heusler alloy test sample
as a plate with dimensions 10× 10× 0.5 mm with a tem-
perature control system in the range from 0 to +100 ◦C,
magnetometer for registering the magnetic susceptibility
of the sample in situ, heterodyne type radiometer (band-
width 28�32 GHz) with the waveguide in direct contact
with the sample, circulator, radiating load whose temper-
ature can vary from room temperature to liquid nitrogen
by attenuator. Miniature thermocouple was installed di-
rectly on the sample surface.
Analysis of the typical dependences of the radiometer

signal (Fig. 2) shows that the radiation of the sample is
a nonmonotonic function of temperature, and near the
magneto-structural PT it has evident anomalies (at 53�
55 ◦C and 62�64 ◦C), see Fig. 2b). The peaks of the ra-
diation do not disappear when the temperature of the
load increases from the nitrogen to the room tempera-
ture, Fig. 3. The nonmonotonic anomalies are visible
very well. It proves that the external radiation re�ected
from the sample surface with di�erent coe�cients in dif-
ferent structural phases does not explain the registered
radiometer peaks. In�uence of the kinetics of PTs [10] on
the nature of the sample millimeter radiation has been
studied with the change in heating/cooling rate from
0.1 K/s to 10 K/s. It has been observed that the contri-
bution of the intrinsic radiation increases with increase
in the heating/cooling rate. It also con�rms that the
detected anomalies are associated with the intrinsic ra-
diation of electromagnetic waves from the sample at the
magneto-structural PT.

3. Possible mechanisms and theory

The structural PT occurs during a certain time. Dur-
ing this time embryos of new phase interphase boundary,
multiple defects, dislocations and cracks can be formed
in the sample, which also leads to the generation of elec-
tromagnetic pulses. All these defects are accompanied
by the formation of inhomogeneous elastic deformations.
At the structural PT existence of inhomogeneous defor-
mation (for example, on the interphase boundary) leads
to redistribution of the electron density near the de-
fect ∆n(z). We will follow the works [11, 12] for cal-
culation of this redistribution. Let us consider a model
function of mechanical stress σM(z):

Fig. 3. Temperature dependence of the radiation in-
tensity of the sample at di�erent positions of the atten-
uator. The heating/cooling rate was 2 K/s.

σM(z) =


0, −∞ < z < 0,

σ0z/d, 0 ≤ z < d,

σ0, d ≤ z <∞.
(1)

Here, σ is a parameter characterizing change in mechan-
ical stress from one area to another, d is an e�ective
length where change of σM(z) occurs. Such a function
of mechanical stress describes transition between the re-
gions of the material with di�erent stress by the sim-
plest way. Within the framework of model in which the
state of the conduction electrons of an alloy is described
by a single orbital nondegenerate band the strain cre-
ated by mechanical stress can cause a band shift in en-
ergy. The Hamiltonian that includes such an e�ect has a
form [11, 12]:

H =
∑

iσ
[ω + SU (ri)] c

+
iσciσ +

∑′

ij

∑
σ
λ0ijc

+
iσcjσ

+0.5
∑

i
KAΩ0U

2 (ri) +HCoul. (2)

Here, c+iσ (ciσ) is the Fermi creation (annihilation) op-
erator of an electron with spin σ in a localized Wannier
state i; ω is the energy that characterizes the position of
the center of the electron band; λ0ij is the electron-mixing
integral in an undeformed lattice; parameter S describes
the shift of the conduction band during strain; KA is the
elastic sti�ness of the lattice, Ω0 is the initial volume of
the unit cell; HCoul is the Hamiltonian of the Coulomb
electron�electron interaction.
To determine the strain parameter U(r) one has to use

the condition of mechanical equilibrium 〈∂H/∂U (r)〉 =
σM(z)V , where V is the volume of the crystal. The con-
centration of conduction electrons n(r) may be de�ned
in the form n (r) =

∑
k,k′,σ

〈
c+kσck′σ

〉
e− i(k−k′)r.

In general, the problem reduces to solving a system of
�ve equations: for the concentration of conduction elec-
trons, the electrostatic potential (the Poisson equation)
that results from the electron-density change ∆n(z) =
n(z)−n0es (n0es is the mean concentration of electrons ar-
riving at a lattice point, taking into account the electron�
strain interaction), the wave function of an electron in
the neighborhood of a defect, the Green function, and
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the chemical potential. Solving this system of equations
one can get electron-density change for mechanical stress
σM(z) (1) [12]:

∆n(z)=
eRsD (2λ1s)

−1 (
1−e−λ1sd

)
eλ1sz, −∞ < z < 0,

eRsD (2λ1s)
−1 (

e−λ1sz−eλ1s(z−d)
)
, 0 ≤ z < d,

−eRsD (2λ1s)
−1 (

1−e−λ1sd
)

e−λ1s(z−d), d ≤ z <∞.
(3)

In (3) e is the electron charge, λ1s = (eRs/ε0)1/2,
D = SU0/ed,

Rs=

(
3n0
8π4

)1/3

×

[
1+S2n

1/3
0 /

(
3π2
)2/3

αKA

]1/2
α

{
1−
(
3n0

8π4

)1/3 S2

αKA

[
1+

S2n
1/3
0

(3π2)2/3αKA

]1/2} ,
n0 is the mean concentration of electrons, without tak-
ing into account the electron�strain interaction; α =
~2/2m∗, m∗ is an e�ective mass of the electrons.
n0es and n0 are connected by the equation n0es =

n0

[
1 + S2 3

√
n0es/

3
√

9π4αKA

]3/2
.

Fig. 4. Relative electron-density change for di�erent
e�ective lengths of the interphase boundary d. In inset
there are presented values of equivalent electro-dipole
moments pz for unit square of the interphase boundary.

In Fig. 4 there are shown results of calculation of
electron-density change (3) for di�erent e�ective length
d where change of σM(z) occurs with the typical values
of parameters: S = 4 eV, U0 = 0.1, n0 = 16× 10−4 Å−3,
KA = 0.4 eV/Å3, α = 3.8 eV Å2. One can see that elec-
tron redistribution looks like an electric dipole. Increase
of e�ective interphase boundary length leads to increase
in dipole arm and to reducing of an e�ective charge. One
can to calculate an electric dipole moment of such re-
distribution: pz = −eS0

∫
z∆n(z)dz, where S0 is the

interphase boundary square.

The calculations show that e�ective electric dipole mo-
ment almost does not depend on the interphase boundary
length (at least by order of magnitude). Its increase leads
to very slow decrease in electric dipole moment.
The movement of interphase boundary may be repre-

sented as moving dipole Pz(z, t) = pzδ(z − vt). Such
moving dipole is a source of electromagnetic waves
radiation.
Solution of the moving dipole radiation problem is

well known. The intensity of radiation at frequency ω
in the direction de�ned by angle θ with z-axis, along
which moves the dislocation has the form: Iθω =
ω48−1π−2c−3p2z sin2 θ. Here, c is the speed of light
in vacuum. One can see that the maximum radia-
tion intensity will be emitting in direction perpendic-
ular to the moving one. We made some estimates of
the maximum intensity: for frequency ω = 1010 rad/s
and S ≈ 20 nm2, Iωmax ≈ 1.4 × 10−2 erg/(s cm2) if
d = 1 nm, Iωmax ≈ 1 × 10−2 erg/(s cm2) if d = 2 nm,
and Iωmax ≈ 9 × 10−3 erg/(s cm2) if d = 5 nm. In real
materials electromagnetic energy will mainly emit from
the surface of the sample due to its skin e�ect.
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