Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 6, pp. 735-741

Ferromagnetic resonance in nanotwinned Ni—-Mn—-Ga film

undergoing martensitic transformation

J. Kharlan", V.A. L’vov"2, and V.O. Golub'

! Institute of Magnetism of the National Academy of Sciences and Ministry of Education and Science of Ukraine
36-b Vernadsky blvd., Kyiv 03142, Ukraine
E-mail: julia-lia-a@ukr.net

*Taras Shevchenko National University of Kyiv, 4 G Academician Glushkov Ave., Kyiv 01601, Ukraine

Received December 23, 2019, published online April 24, 2020

The ferromagnetic resonance (FMR) in the shape memory alloys (SMAs) exhibiting structural cubic-tetragonal

phase transition has been studied. The influence of instability and spatial inhomogeneity of crystal lattice on the

FMR spectra of twinned ferromagnetic SMAs films has been analyzed using statistical model of ferromagnetic mar-

tensite. It has been shown that the abnormally strong temperature dependence of lattice parameters of martensitic

film gives a noticeable contribution to the temperature dependence of the resonance value of external magnetic

field. The narrowing of the resonance peak, which had been experimentally observed on cooling of the film slightly

below the Curie temperature, has been explained. It is argued that the martensitic films are good candidates for the

experimental study of local elastic strains influence on the shape of the FMR peak.
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1. Introduction

The numerous practical applications of shape memory
alloys (SMAs) are based on their unusual deformational
properties due to the structural phase transformations from
high-temperature austenitic phase to the low-temperature
martensitic state [1-3]. The martensitic transformation
(MT) is the first order phase transition characterized by the
spontaneous deformation of crystal lattice arising on cool-
ing of SMA. This transformation is considered in the
framework of Landau theory of phase transitions as the
phase transition of ferroelastic type. The ferromagnetic
SMAs form a special class of solids undergoing the cubic-
tetragonal or cubic-orthorhombic MTs. The cubic-tetragonal
martensitic transformations of ferromagnetic SMAs are most
widely studied theoretically in the framework of Landau-
type theories of phase transitions (see, e.g., Refs. 4, 5 and
references therein). All practically important properties of
this class of alloys are strongly related to the microstruc-
ture of martensitic phase. In particular, the quasi-periodic
twin structures with the twin width of the order of 100 nm
or less can arise in the martensitic phase. Such twin struc-
tures are under special attention of researchers [6—8].

MT is one of the consequences of instability of crystal
lattice. The lattice instability also leads to the abnormal
temperature dependence of lattice parameters below the
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MT temperature and pronounced softening of elastic mod-
ules in the wide temperature range near MT temperature
(see, e.g., Refs. 9, 10).

The large number of SMAs undergoes the phase transi-
tion to ferromagnetic phase below the Curie temperature,
Tc, which can be higher or lower than MT temperature,
depending on chemical composition of alloy. The lattice
instability has a strong influence on the magnetic properties
of SMAs. In particular, cubic-tetragonal MT results in the
appearance of uniaxial magnetocrystalline anisotropy and
the anisotropy parameter is proportional to the tetragonal
distortion of crystal lattice 1—c(T")/a(T), where ¢(T') and
a(T) are the temperature-dependent lattice parameters.

The ferromagnetic resonance (FMR) measurements are
considered as the powerful method to obtain an infor-
mation about the unusual magnetic and magnetoelastic
properties of SMAs [11,12]. The magnetic anisotropy is
one of the key factors, which predetermine value of FMR
frequency. Therefore, not only the temperature dependence
of magnetization value (as in the case of ferromagnetic
solids with the stable crystal lattice), but the temperature
dependence of lattice parameters should contribute to the
temperature dependence of FMR frequency. If the micro-
wave frequency is fixed, the temperature dependence of
lattice parameters should result in the temperature shift of
the resonance field value. It has been shown theoretically that
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the magnetic anisotropy parameter of uniform SMA crystal
is strongly different from anisotropy parameter of mesoscale
twinned SMA [13]. This theoretical prediction was con-
firmed by the FMR experiments on twinned Ni-Mn—Ga thin
films with the period of twin structure of about 100 nm [8].
The spatial inhomogeneity of crystal lattice also can result
in the dispersion of the local values of magnetization, and
leads to the broadening of the resonance peak.

In this communication, the theoretical evaluation of the
influence of instability and spatial inhomogeneity of crys-
tal lattice on the FMR spectra of twinned ferromagnetic
SMAss films is obtained.

2. Theoretical and experimental backgrounds

The electron microscopy investigation [8] showed a
formation of quasiperiodic crystallographic twin structure
in Ni-Mn—Ga martensitic films with the period of about
100 nm. The twinning reduces the magnetic anisotropy
field of the film by factor 1/2 [13]. The free energy density
of twinned film in the magnetic field H can be presented as

F(T) = %Ku (T)m? +2n(mn)* M? (T)~mHM (T), (1)

where the first, the second and the third terms describe the
magnetocrystalline anisotropy, magnetostatic energy, and
Zeeman interaction, respectively; m = M(T)/M (T), M(T)
is the magnetization vector, n || z is the unit vector directed
perpendicular to the film plane, z is perpendicular to the
easy magnetization axes, x and y, of crystallographic twins,
parameter K, (T) is the uniaxial magnetocrystalline anisot-
ropy parameter of the martensitic phase. The magnetic
anisotropy field is equal to 2K,(T)/M for the uniform
crystal lattice and K, (7")/ M for the twinned film. For the
cubic austenitic phase K, =0, while for the tetragonal
martensitic phase the value of this parameter is determined
by the dimensionless magnetoelastic constant & and tem-
perature-dependent lattice parameters a(7') and ¢(7') as
K, (T)==68[1-c(T)/ a(T)]M* (T). 2)

(For more information about the magnetic anisotropy of
martensitic alloys see review article Ref. 13 and references
therein.) For the tetragonal martensitic phase of Ni-Mn-Ga
alloys undergoing MT in ferromagnetic phase ¢(7T) < a(T),
8 <0, and therefore, K, > 0. The easy magnetization axes
are parallel to n for z-domains of tetragonal phase and per-
pendicular to n for x- and y-domains.

The FMR frequency can be found from the standard
equation

—EE M. 3)

For the perpendicular to the film plane magnetic field this
equation has nontrivial solution if

H =2+ 4nM(T)+ H (1), ()
4%

where H 4(T)=K,(T)/M(T) is the magnetocrystalline
anisotropy field of the film.

The temperature dependence of magnetization value
M(T) can be quantitatively described by the standard
equation

)

M(T) = M (0)tanh [mj

TM (0)

in both austenitic and martensitic phases [14]. In the case
of paramagnetic austenite—ferromagnetic austenite—ferro-
magnetic martensite phase transitions sequence the
Tc =T, is Curie temperature of austenitic phase, which is
directly measured in experiments, while 7~ = T, is Curie
temperature of martensitic phase, which can be evaluated
theoretically from the temperature dependence of magneti-
zation below MT temperature. The difference between the
temperature dependences of magnetization measured in the
austenitic and martensitic phases is a result of the differ-
ence in the energies of spin-exchange interaction in austen-
itic and martensitic phases and spatial inhomogeneity of
martensitic state of alloy [14].

The ferromagnetic SMAs films are spatially inhomoge-
neous. The statistical model was developed to take into
account the inhomogeneity of the film. It was successfully
used for the description of magnetic and magnetocaloric
properties of ferromagnetic SMA [14,15]. According to this
model, the ferromagnetic SMA is considered as the ensem-
ble of N spatial domains undergoing the phase transition
from paramagnetic (PM) to ferromagnetic (FM) state at dif-
ferent Curie temperatures 7 (n), where n=1, 2, ..., N. The
dispersion of magnetization values M (T',n) can be calculat-
ed from Eq. (5) taking into account different values 7~ (n).
The difference in magnetization values leads to the differ-
ence in the local resonance fields:

Hp(Ton) =2 +4xM (T, n)+ H 4(T,n). (6)
¥

The volume fraction of domains with the Curie temper-
ature T-(n) and the magnetization M (7,n) can be de-
scribed by the Gaussian function

exp{_ TC(”)—TC(N/Z)}

212 @
pl’l = N :
Te(m)-Te(N/2)
Zl{ 1 }

The theoretical value T-(N/2)=T- corresponds to the
Curie temperature of spatially inhomogeneous film meas-
ured in the experiment. The average magnetization value is

M(T)= " p,M(T,n). (8)

n
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The more pronounced is the spatial inhomogeneity of
the film, the larger are the Gaussian parameter 7;; and the
dispersion of the resonance field values Hy(T,n). The
values T =Ty, and T =Ty < T, were accepted for
martensitic and austenitic phases and substituted into
Eq. (7) to take into account that the spatial inhomogeneity
of martensitic phase is larger than of austenitic one.

Let us consider the alloy undergoing the first-order
phase transition. The alloy is in the austenitic state if
T > Ty, in the twinned martensitic state if 7 < Ty,r, and
in the mixed austenitic-martensitic state if Ty <T < Tjg.
In this case, the resonance peak can be modeled by the
function

10,1 = Lo {api™ +11-a@p" |, ©)

o(T) = %{1 + tanh(]bA—_Tﬂ

is the volume fraction of martensite, Ty = (Ty5 +Tyyr) /2
is the middle point of the temperature interval of MT,
A =Ty —Tyr)/2. The temperature interval of MT is
Ty -A<T<Ty+A.

Equations (6) and (9) provide the parametric representa-
tion of the function 7(H,T). The resonance peak maxi-
mum should be observed at

Hp(T)= Hy(T,N/2).

where

(10)

(1)

As it was mentioned above, one of the most important
features of ferromagnetic SMAs is the lattice instability
resulting in the martensitic transformation and abnormally
strong temperature dependence of lattice parameters in the
martensitic phase. It is convenient to characterize this de-
pendence by the tetragonal distortion of crystal lattice in
the martensitic phase 1—c(7)/a(T'). The value of tetrago-
nal distortion measured immediately after the finish of
cubic-tetragonal MT, varies from 0.03 to 0.6 for the differ-
ent representatives of Ni-Mn—Ga, Co-Ni—Ga and some other
alloy systems [16—18]. The further decrease of the alloy tem-
perature results in the gradual increase of tetragonal distortion
with the rate ~107*-10K~!. The low-temperature mag-
netization of the bulk specimens of such alloys, M (0), is
about of 500-700 emu/cm3 (200-300 emu/cm™ at room
temperature, see, e.g., Refs. 14, 19), the Curie temperature
Tc =Ty is close enough to 400 K for Ni-Mn-Ga and
near 300 K for Co-Ni—Ga bulk specimens. The value
Tear =Ty =30 K was obtained for Nisp ¢Mnp3 5Gans g alloy
in Ref. 14. Taking into account that for the Ni-Mn—Ga films
the M (0) value usually is lower than for the bulk speci-
mens, let us consider the representative film characterized by
the “typical” values M (0)=450 emu/cms, Tey =400 K,
Ty =430 K.

The experimental curves M (T) obtained for the films
undergoing the phase transition from paramagnetic to fer-
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romagnetic phase in the martensitic state have the pro-
nounced “high-temperature tails” [8], which show that the
maximal difference between the local Curie temperatures
is of about 50 K or even larger. This feature of magnetiza-
tion behavior is also inherent to the bulk Ni-Mn—Ga with
Ty > T [14]. Such statistical spread of Curie tempera-
tures in the martensitic state can be modelled by the Gauss-
ian function, Eq. (7), with Tz, =30 K. (The correspond-
ence between M (T) curve computed for this value of
Gauss parameter and experimental Hy(T') curve obtained
for the film with Ty, > T is illustrated in the Supple-
ment.) In the case if MT temperature is noticeably lower
than T, the high-temperature tail of magnetization is hard-
ly observable [14], and therefore, small value of Gauss
parameter 7;, =3 K can be taken for austenitic phase.

The MT temperatures are different for different non-
stoichiometric Ni-Mn—Ga alloys. To illustrate the peculiar-
ities of FMR in the austenitic and mixed martensitic-
austenitic phase, the realistic values of MT start and MT
finish temperatures, 7Tj;g =360 K and T); =300 K, re-
spectively, can be taken. Figure 1 illustrates the typical
temperature dependence of tetragonal distortion of crystal
lattice of SMA, which undergoes MT at these tempera-
tures. This theoretical dependence was obtained from the
theory of ferroelastic phase transitions as explained in the
Supplement. The inset shows that this theory satisfactorily
describes experimental temperature dependence of tetrago-
nal distortion of crystal lattice reported in Ref. 20 for the
martensitic phase of NipMnGa. This function will be used
in the following computation of the temperature-dependence
of the resonance field H (7). When the temperature in-
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Fig. 1. The temperature dependence of the tetragonal distortion of
crystal lattice computed from the Egs. (13), (14) for the representa-
tive film. Inset: the tetragonal distortion taken from experimental
dependences of lattice parameters presented in Ref. 16 for the mar-
tensitic phase of NiMnGa alloy (circles) and the model function
(line) used here for the computations; the tetragonal distortion is
presented versus 7/T)sr because there is a difference between the
MT temperatures of the NiMnGa alloy investigated in Ref. 16 and
representative film.

737



J. Kharlan, V.A. L’vov, and V.O. Golub

creases from zero to Ty, the tetragonal distortion varies
from —0.05 to —0.025. This fact is very important to under-
stand the influenc of lattice instability on the temperature
dependence of FMR field.

The dimensionless parameter of magnetoelastic cou-
pling & = —23 was evaluated from magnetic measurements
carried out for the number of Ni-Mn—Ga alloys in Ref. 14.
This parameter is involved into Eq. (2), which will be used
below to determine the magnetocrystalline anisotropy pa-
rameter of martensitic phase.

3. Results

Figure 2 shows the Hyx(T') curves computed for the
temperature-dependent tetragonal distortion (Fig. 1) and
constant values of lattice parameters. It is seen that the con-
tribution A; of temperature dependence of magnetization to
the total temperature dependence of resonance field is close
in value to the contribution A,, caused by the strong tem-
perature dependence of lattice parameters: A,/A; =1.14.
Different martensitic alloys are characterized by different
temperature dependences of magnetization and lattice pa-
rameters, nevertheless, it can be concluded, that the values
A; and A, are of the same order of magnitude for all mar-
tensitic films. This is the manifestation of lattice instability
in the resonance properties of SMA.

As it was said above, the SMAs are spatially inhomogene-
ous and spatial inhomogeneity is more pronounced in the
martensitic phase than in the austenitic one. It is commonly
recognized that the inhomogeneity of ferromagnetic SMA and
thermal fluctuations predetermine the width of FMR peak.
The influence of spatial inhomogeneity of the film on the half-
width of the peak was estimated from the Egs. (6) and (9): if
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Fig. 2. Temperature dependence of the resonance field computed
from the Egs. (6), (11) and (14) for the twinned martensitic film
with temperature-dependent lattice parameters (solid line). The
resonance field computed for the constant values of lattice pa-
rameters, i.e. ¥ = const (dashed line), is shown for comparison.
Two-side arrows show the changes of the resonance field caused
by the temperature dependences of magnetization (A;) and lattice
parameters (A). Horizontal dash-dotted line shows the resonance
field value calculated for MT finish temperature.
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Fig. 3. Resonance peaks computed using the Egs. (6)~(10) for 310 K
(dash-dotted line), 330 K (solid line) and 340 K (dashed line).

the temperature of alloy is fixed, these equations provide the
parametric representation of the function /(H).

The resonance peaks computed for the temperatures be-
longing to the temperature range of mixed austenitic-
martensitic state of the film, T, <T < Tjg, are presented
in Fig. 3. The figure obviously shows the variation of the
amplitudes of FMR signals corresponding to austenitic and
martensitic phases. This feature of FMR is caused mainly
by the temperature dependences of volume fractions of
coexisting martensitic and austenitic phases. The peaks
corresponding to martensitic phase are much wider than
those computed for austenitic phase due to the difference
between parameters of Gauss functions 7;, and 7, char-
acterizing the spatial inhomogeneity of alloy specimen in the
austenitic and martensitic phases, respectively. Figure 3
shows, moreover, that the austenitic peak becomes narrower
when the temperature decreases.

Figure 4 shows that the narrowing of the resonance
peaks during the cooling of film takes place in the marten-
sitic state, as well.

FMR signal, arb. units

g8 9 10 11 12 13 14
Magnetic field, kOe

Fig. 4. The evolution of the half-width (horizontal dashed line) of
the resonance peaks corresponding to martensitic phase with
temperature.
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Fig. 5. Magnetization functions M(7,n) computed for the marten-
sitic phase. The curves / and 3 are calculated for the numbers
n corresponding to the half-width of Gauss function shown in the
inset. The curve 2 depicts the average magnetization value (Eq. (8)).

Figure 5 illustrates that the decrease of half-width of the
resonance peaks on cooling of martensitic film is caused
by the differences between the local magnetization values
M(T,n), and these differences decreases with lowering of
temperature. The magnetization curves / and 3, depicted in
Fig. 5, are computed for the spatial domains of martensitic
phase whose Curie temperatures correspond to the half-
width of Gauss distribution with T; =75, =30K. The
intermediate curve 2 depicts the temperature dependence of
average magnetization value M (T) expressed by Eq. (8).
The narrowing of the resonance peaks is caused by the
convergence of curves / and 3 in the low-temperature
range (see Fig. 5).

4. Conclusion

The presented above theoretical model of FMR in the
film, which undergoes MT, is based on the statistical mod-
el of ferromagnetic martensite. This model was formulated
in Refs. 14, 15 to describe the magnetic properties of SMA
in the saturating magnetic field. In accordance with this
model, the martensitic alloy is the statistical ensemble of
small spatial domains with the different values of Curie
temperature. It is considered that the difference in Curie
temperatures of domains is caused by the difference in
local values of magnetic exchange parameter, while the
difference in the local values of magnetic anisotropy pa-
rameters is disregarded. Such simplification of the model is
acceptable in the case of the free-standing films or thick
relaxed films deposited on the proper substrate. In this case
the model results in two conclusions:

1) the strong temperature dependence of lattice parame-
ters of martensitic film gives a noticeable contribution to
the temperature dependence of the resonance value of ex-
ternal magnetic field;

ii) the difference in the local values of Curie tempera-
ture leads to the narrowing of the resonance peak on cool-
ing of the film.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2020, v. 46, No. 6

If the lattice parameters of the film are temperature-
independent, the Hp(T)—w/y value is proportional to
M(T) with the temperature-independent coefficient of
proportionality (see Egs. (2), (4)). This fact is commonly
used for the determination of the M (7) function, which is
inherent to the thin film. However, the temperature de-
pendence of the resonance field measured for the free
standing film is contributed by the temperature dependence of
lattice parameters (see Eqgs. (2), (6), (11)), and therefore, the
first conclusion can be used for determination of the tempera-
ture dependence of tetragonal distortion of the crystal lattice in
the martensitic phase of such film. In this connection, it
should be mentioned, first, that the straightforward measure-
ment of magnetization of the thin film encounters the formi-
dable obstacles, and so, needs special experimental facilities.
Second, the substrate impedes the expansion/contraction of
thin martensitic film deposited on the substrate, reduces the
abnormally strong temperature dependence of lattice parame-
ters, which is inherent to SMAs in their martensitic state, and
therefore, minimizes the influence of this factor on the reso-
nance field value. However, the mechanical stress induced by
substrate in the film exponentially decreases with increasing
of the film width, so the temperature dependence of lattice
parameters may be well-pronounced in the thicker films.

The narrowing of the resonance peak on cooling of the
film is experimentally observed only in the austenitic
phase of Ni-Mn—Ga film, at the temperatures, which are
close to the Curie temperature (see Fig. 6), because the
higher is temperature, the more pronounced is difference
between the local magnetization values (Fig. 5). The Inset
in Fig. 6 shows that the theory adequately describes the
experimental data if the Gauss parameter is equal to 7 K
for austenitic phase.
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Fig. 6. The experimental temperature dependence of the half-
width of resonance peak measured for the Ni-Mn—Ga thin film
with T¢ < Ty (circles) [21]. The dashed line is the guide for eye.
The dash-dotted line encircles the experimental points exhibiting
the narrowing of the resonance peak on cooling below the Curie
temperature 7¢c. The inset shows that the theory (squares) satis-

factorily describes experimental data (circles) at Tys < T < T¢.
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The experiment shows that after the start of martensitic
transformation (in the temperature range from 150 K to
340 K) the cooling of alloy results in the drastic widening
of the resonance peak (see Fig. 6). This fact is caused,
seemingly, by the axial straining of the film because of the
appearance of MT strain and due to the difference between
the temperature expansion coefficients of the film and sub-
strate: the cooling of martensitic film, which was deposited
on the substrate at elevated temperature, induces the tem-
perature-dependent elastic strain. The local strain values
may by noticeably different due to the spatial inhomogene-
ity of the film in the martensitic state. The temperature
dependence of lattice parameters of SMAs in the marten-
sitic state is abnormally strong, and therefore, this fact
shows that the martensitic films are good candidates for
experimental study of the influence of local elastic strains
on FMR. To develop statistical model for the description
of magnetic properties of locally strained/stressed marten-
sitic film one must take into account the difference in the
values of magnetic anisotropy constant and different direc-
tions of easy magnetization axes inherent to small spatial
domains of the film. This non-trivial problem needs special
consideration.
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Supplement

Estimation of Gauss parameter

As it is known, the magnetization value of uniform
crystal lattice and magnetic anisotropy field abruptly fall to
zero when the temperature reaches Curie point. In this case
the resonance field abruptly decreases to the value
Hp =oly (see Egs. (4), (6)). Figure 6 shows, however,
that the experimental value of the resonance field obtained
in Ref. 8 slowly decreases in the wide temperature range
375K <T <425K, that is in the temperature interval
AT =50 K above the temperature of 375 K, which can be
interpreted as the Curie temperature of the unstressed film
experimentally studied in Ref. 8. The same behavior is
inherent to the magnetization function computed for the
representative film in the temperature range AT =50 K
above the Curie temperature of austenite 7-4, =400 K (see
Fig. 7). Taking into account that the effective field is pro-
portional to magnetization value, one can conclude that the
Gauss function with 7; =30 K is adequate to the influence
of spatial inhomogeneity of martensitic state on the tem-
perature dependence of magnetization of the film. It should
be noted that the Hp(T) and M (T') curves are not congru-

BN
T

Resonance field, kOe
[\ W A O (@)

Magnetization, emu/cm

S =

| L | L | L | L | L

S~
150 200 250 300 350 400 450
T,K

Fig. 7. The theoretical temperature dependence of magnetization
of martensitic film (Tj; < T¢) computed for 7¢ = 400 K (bold line)
and experimental values of magnetization of martensitic Ni-Mn—Ga
film (circles, thin line is the guide for eye) reported in Ref. 8.
Asterisks mark the “high-temperature tails” of M(T) and Hg(T)
curves. The horizontal arrows point to the values M and H men-
tioned in the text.

ent because of the i) difference between the Curie tempera-
ture of the representative film considered above and the
Curie temperature of martensitic film studied in Ref. 21;
ii) temperature dependence of lattice parameters interrelat-
ed with H 5 (T') function.

Explanation of temperature dependence of tetragonal
distortion of the crystal lattice

The theoretical temperature dependence of spontaneous
tetragonal distortion of crystal lattice caused by the cubic-
tetragonal phase transition is obtained by the minimization
of elastic energy of the crystal. This energy is expressed as

F:%cﬂTm2+§@w3+%Muﬁ (12)
where u(T") =2[c(T)/ a(T)—1], the coefficients a4 and b,
are the linear combinations of third-order and fourth-order
elastic modules [22]. The coefficient ¢, (T) is a decreasing
function of temperature, c,(T) >c¢, in the cubic phase,
0<cy(T)<c¢, in the temperature range of MT and
¢,(T) <0 in the tetragonal phase. As so, the temperature
dependence of tetragonal distortion was computed using
the expression

T-Tyr

t
Tys —Tyr

c) (T)zc (13)

and values a4 =30 GPa, by =500 GPa. These values pro-
vide realistic temperature dependence of shear elastic
modulus and u(7") [22].
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The energy is minimal if u(7) satisfies the condition
OF /ou = 0, which results in the expression

() — | 126 1+ 1=, (M) ¢, |, T <Tys,

0, T>Tys,

(14)

where ¢, = a‘% /4b4 > 0. The tetragonal distortion depicted
in Fig. 1 is equal to u(T)/ 2.
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Chapter 1.

depomarHiTHUN pe3oHaHC Y HaHOABIMHMKOBaHIN
nnieui Ni-Mn—Ga npu mapTeHCUTHOMY NEPETBOPEHHI

O.l. XapnaH, B.A. JlbBos, B.O. lNony6

JocnimkeHo ¢epomarnitHuii pesonanc (OPMP) B craBax 3
epexrom mam’sTi popmu (CEIID), B akux BimOyBaeTbCs CTPyK-
TypHE KyOi4HO-TeTparoHaibHe ()a30Be NEPEeTBOPEHHS. 3a JOIIOMO-
TOI0 CTaTHCTUYHOI MOJETi (pepOMAarHiTHOr0O MapTeHCHTY IMpoaHa-
JI30BaHO BIUIMB HECTaOUIBHOCTI Ta MPOCTOPOBOI HEOIHOPIIHOCTI
KPHCTaNi4HOi rpaTku Ha criektp @PMP nBiliHIKOBaHOI pepoMarHit-
Hoi mwiiBku CEIN®. [oka3aHo, 110 aHOMaIbHO CHJIBHA TEMIICpa-
TypHa 3aJIeXKHICTh MapaMeTpiB I'PaTKd MapTEHCUTHOI IUTIBKH PO-
OWTH 3HAYHUH BHECOK B TEMIIEPATypHY 3aJIXKHICTh 30BHIIIHBOTO
pe30oHaHCHOTO Toist. Takox OyJIO TIOSCHEHO 3BY)KEHHS PE30HAHC-
HOTO TIiKy TPH OXOJO/DKCHHI IUTIBKH, SIKE EKCIIEPHMEHTAIBHO
criocTepiranocst TpoxXu Hik4e Temreparypu Kropi. [linTBepmkeno,
II0 MAPTEHCHUTHI IUIIBKH € LIKABUMH 00’ €KTaMHU ISl eKCIIEPHUMEH-
TaJIbHOTO JIOCII/PKEHHS BIUTMBY JIOKAJbHHUX €TACTHYHUX HAampy-
xeHb Ha popmy OMP miky.

KirouoBi cnoBa: (epOMarHiTHBI pe30HAHC, MAPTEHCHUTHE IIepe-
TBOPEHHS, TOHKA IUTiBKa, HECTAOUIBbHICTh KPUCTATIYHOT TPATKH.

deppomMarHuTHbIA pe3oHaHC B HAHO4BOWMHMKOBAHHOM
nneHke Ni-Mn—Ga npun MapTEHCUTHOM NpeBpaLleHun

KO.N. XapnaH, B.A. JlbBos, B.O. lNony©6

Wzyuen ¢peppomarautHelil pezonanc (OPMP) B cimaBax ¢ 3¢-
¢dexrom namsita Gopmel (COIID), HCHBITHIBAIOIINX CTPYKTYypHOE
KyOndecko-TeTparoHanbHoe (azoBoe npespamenre. C moMOIIbI0
CTaTHUCTHYECKOH Mopenu (eppOMarHMTHOTO MapTEHCHTa IIpo-
AQHAIM3UPOBAHO BIMSHHE HECTAOMIBHOCTU M NIPOCTPAHCTBEHHOM
HEOJHOPOJHOCTU KpHUCTAIMYECKOH pemieTku Ha crnektp dMP
IBOWHNKOBaHHOH (eppomarnutHoi minenku COII®. IlokasaHo,
YTO aHOMAJILHO CHJIbHAsI TEMIIEpaTypHas 3aBUCHMOCTb I1apameT-
pPOB pEHIETKH MAapTEHCHUTHON IUIEHKH BHOCHT CYIIECTBEHHBIH
BKJIaJl B TEMIIEPATypHYIO 3aBUCUMOCTb BHEIIHEr0 PE30HAHCHOTO
nosst. Tarxoke ObUTO OOBSCHEHO CY)KCHHE PE30HAHCHOTO MTUKA TIPH
OXJIOXKIEHUH IUICHKH, SKCIEPUMEHTAIbHO HAaOJ0aeMOe HEMHO-
ro Hmwke temneparypsl Kiopu. IloarBepxaeHo, 4To MapTEeHCHUT-
HbI€ IJICHKH SIBJISIFOTCSI MHTEPECHBIMH OOBEKTaMH IS 9KCIIEpH-
MEHTAJIBHOTO H3Y4YECHUsS BIUSHUS JIOKAJbHBIX AIACTHIHBIX
HanpsbkeHui Ha popmy OMP nuka.

KiroueBsie cnoBa: ¢eppOMarHUTHBIA pe30HAHC, MapTEHCHTHOE
npeBpalieHie, TOHKas IUICHKa, HeCTaOMIBHOCTh KPUCTAJLINYe-
CKOM peIIeTKH.
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