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Antiferromagnetic coupling between martensitic twin variants observed by magnetic
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Magnetic properties of Nige oMn3esSn;; 4Cosg/MgO(001) epitaxial thin film, which undergo a martensitic
phase transformation from cubic austenitic phase to a twinned orthorhombic martensitic phase at 270 K, were
studied by the magnetic resonance at the microwave frequency of 9.45 GHz. It was found that the single resonance
line observed in the austenite splits into three lines in the martensitic phase. A theoretical approach was developed
to show that the additional resonance lines are caused by the weak antiferromagnetic coupling of the ferromagnetic

twin components across twin boundaries. Fitting of the experimental resonance lines to model gives an effective
field of antiferromagnetic coupling of about 1.5 kOe, which is two or three orders of magnitude lower than in
the conventional antiferromagnetic solids because the number of magnetic ions interacting antiferromagnetically
through the twin boundary is much less than the total number of magnetic ions in the twin. This feature shows
a strong resemblance between the submicron twinned martensite and artificial antiferromagnetic superlattices,
whereby providing a distinctive insight into magnetism of the studied magnetic shape memory material.
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I. INTRODUCTION

Heusler-type magnetic shape memory alloys (MSMAs) are
of great interest due to both their unusual physical properties
and potential applications in different areas of science and tech-
nology [1]. Historically, the interest arose from the magnetic
shape memory effect, also called the magnetic field induced
strain, which results in a dramatic change of the sample
dimensions (up to 12%) in moderate magnetic fields due to
twin boundary motion in the martensitic state [2—4]. Later
investigations revealed many other effects in these materials,
which are also related to the martensitic transformation (MT).
Among these effects are the magnetic superelasticity, direct
and inverse magnetocaloric effect, giant magnetoresistance,
exchange bias, etc. [4-6]. Some MSMAs are half metallic and
can provide a hundred percent spin polarized electrons, a very
attractive feature for spintronics applications [7,8].

From a basic point of view, MSMAs are interesting because
they can exhibit sequences of structural transformations
(premartensitic, martensitic, and intermartensitic), as well as
magnetic phase transitions. In some alloys the temperature
of the first order martensitic transformation coincides with
the temperature of ferromagnetic ordering, so the first or-
der magnetostructural phase transition takes place [6,9]. In
these alloys, the external magnetic field can control MT.
Such first order magnetostructural phase transitions are also
accompanied by large magnetization changes, as well as giant
magnetoresistance, magnetocaloric, and Hall effects [6,9,10].
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Ni-Mn-Ga Heusler alloys are among the most studied
MSMAs. The MT in these alloys takes place from a ferro-
magnetic austenite to a ferromagnetic martensite with only a
small increase of the saturation magnetization of martensite
in comparison with that of austenite. These alloys are called
ferromagnetic shape memory alloys.

In contrast to Ni-Mn-Ga alloys, the NisoMnso_, Z,(Z =
In, Sn, Sb) alloys show unusual magnetostructural phase tran-
sition from the ferromagnetic austenite to a weakly magnetic
or nonmagnetic martensite (see Refs. [4,6,9] and references
therein). Typically, they are doped by Co or Fe atoms instead of
Ni to tune mutual position of the Curie temperature of austenite
and the MT temperature as well as enhance a magnetization
jump at MT. All these alloys are referred to as meta-MSMAs
(MMSMAs). They exhibit a giant inverse magnetocaloric
effect at the transition, which makes them promising for
magnetic refrigeration [4-6,11,12].

In the early articles, the magnetostructural transition in
MMSMASs was interpreted as a transition from ferromagnetic
austenite to paramagnetic martensite (see Ref. [13] and
references therein). But further investigations have shown a
much more complex situation, as the magnetic susceptibility
of the nonmagnetic martensite was too high to be attributed
to the usual paramagnetic behavior; consequently, it was
ascribed to the formation of the superparamagnetic clusters in
the paramagnetic matrix [14—16]. However, this explanation
does not have a universal character for all NisoMns_,Z,-
based MMSMAs. The magnetostructural phase transitions in
such materials were theoretically studied by first principles
calculations (see, e.g., Refs. [17,18] and references therein).
According to these calculations, there exists an interplay of
antiferromagnetic and ferromagnetic exchange interactions
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between the magnetic ions, which leads to dramatic changes
of the magnetic properties in the magnetostructural phase
transition. In particular, the MT leads to the suppression of
ferromagnetism manifested in a drastic decrease of saturation
magnetization.

Neutron scattering and ferromagnetic resonance experi-
ments carried out on powders of these materials showed the
presence of some local antiferromagnetic coupling between the
particles of powder [19]. This was also supported by the low
temperature field-cooled magnetization loops measurements,
which showed the characteristic shift due to the exchange
bias. However, the nature of the antiferromagnetic coupling in
NisoMnsq_, Z, alloys is not explained well yet. Moreover, the
character of the magnetic ordering in the martensitic phase is
seemingly neither the same in these materials nor even known
for many of them [20].

Herewith, we report the study of magnetic properties
of NigeoMnsegSn;; 4Cosg epitaxial film by ferromagnetic
resonance to shed light on the magnetic ordering of the twinned
martensitic phase formed as a result of magnetostructural
transition in this kind of MMSMA. Previously, in Ni-Mn-
Ga ferromagnetic thin films, we found the strong exchange
coupling of ferromagnetic type between submicron twin com-
ponents, which resulted in an averaged magnetic anisotropy.
Due to the ferromagnetic exchange coupling between the twin
components, their magnetic moments became parallel to each
other, and the magnetic domains spreading through the large
number of neighboring twins were formed [21,22]. Contrary
to these findings, our present study of martensitic MMSMA
film indicates the presence of weak antiferromagnetic coupling
between the ferromagnetically ordered twin components. This
coupling can explain the exchange bias and magnetic reso-
nance spectra, as also the case in antiferromagnetically coupled
multilayered structures [23]. The resemblance between the ar-
tificial antiferromagnetic superlattices (see, e.g., Ref. [24]) and
twinned martensitic films of MMSMA provides an argument
for the importance of study of these films. The observed self-
assembled effect is similar to nano-patterning and therefore
can be considered as relevant for the magnonic applications
(to achieve tunable resonance fields/frequencies) [25].

II. EXPERIMENTAL

A 1 pm-thick Nigg 0Mn3zg3Sn;1.4Cosg film was deposited
by DC magnetron sputtering onto a heated (500 °C) single
crystalline MgO (001) substrate, using an Argon pressure of
1.1- 1072 mbar and a power of 150 W. The composition of
the film was determined by energy-dispersive x-ray (EDX)
spectroscopy with an accuracy better than 0.5 at.%. The x-ray
structural analysis confirmed an epitaxial growth of the film
with one of its crystallographic cubic (100) axes oriented along
out-of-plane [001]u,o direction and two others oriented along
in-plane (110)mg0 directions, in agreement with the usually
observed epitaxial MSMA structures grown on MgO [26-29].
The x-ray diffraction also revealed an orthorhombic unit cell
of the martensitic phase. In contrast with Ref. [22], direct
scanning electron microscopy (SEM) observation of the twin
structure was not possible because of the surface roughness of
the present films.
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FIG. 1. Temperature dependences of magnetization of the
Nige0MnsggSn;; 4Cos g/ MgO(001) film measured during the field-
cooling (FC) and field-heating (FH) ramps in the fields of 50 Oe and
1 kOe. The magnetic field is applied in the film plane.

Magnetic characterization of the film was performed in
the temperature range of 5400 K using a Quantum Design
MPMS 5S SQUID magnetometer. Magnetic resonance
measurements were carried out in the temperature range
of 100-450 K by the electron spin resonance spectrometer
Bruker ELEXSYS ES500 operating at 9.46 GHz (X-band)
equipped with the automatic goniometer.

The field-cooling (FC) and field-heating (FH) magnetiza-
tion curves are presented in Fig. 1. Cooling down of the sample
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FIG. 2. The magnetization loops of the Niye oMnsegSny; 4Cosg/
MgO(001) film measured at different temperatures. The temperatures
10 K and 270 K correspond to the martensitic state of the sample. At
340K, the sample is in ferromagnetic austenitic state. The temperature
of 380 K is around the Curie temperature. The hysteresis loop
recorded at 10 K for the sample cooled down in the magnetic field of
50 kOe is shown in the inset.
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below 370 K (Curie point) results in the rapid increase of mag-
netization value due to the phase transition from paramagnetic
to ferromagnetic austenite. Further cooling across MT leads to
the decrease of magnetization of the sample. This decrease is
attributed to the increase of magnetic anisotropy in martensitic
phase and the decrease of the saturation magnetization, as
also evident from Fig. 2. Further cooling results in a gradual
increase of magnetization. The magnetization measured in the
field of 1 kOe at 150 K is comparable in value with magnetiza-
tion of austenitic phase. It points to ferromagnetic ordering of
martensitic phase. Temperature hysteresis of the magnetization
curves is related to the first order character of MT.

It is worth noting that the hysteresis loop recorded in the
martensitic state is shifted along the x axis for the sample
cooled down in the magnetic field (see inset in Fig. 2). Such
a behavior (exchange bias) is usually associated with the
presence of the antiferromagnetic coupling at boundaries of
different layers (see, e.g., Ref. [10]). In our case, coercive and
bias field values at 10 K are H- = 3800e and Hp = 180 Oe,
respectively.

Figure 3(a) shows temperature evolution of the resonance
spectra measured during step-wise heating in the external
magnetic field directed perpendicular to the film plane.
The intensity of the spectra is the linear function of the
radiofrequency power. Three inhomogeneously broadened
lines (corresponding to the resonance fields Hg;, Hg,, and
Hg3) have been observed in the martensitic state, below the
room temperature [see Figs. 3(a) and 3(b)]. Above room
temperature (in the temperature range of martensite-austenite
transformation), a new line (Hg) appears [Figs. 3(a) and 3(c)].
Figure 4 shows the temperature dependences of the resonance
fields extracted from the spectra. As seen in the figure, the lines
Hgy, Hgy, and Hgs are observed in the temperature range of
100K < T < 260K, whereas in the temperature interval of
260K < T < 360K the lines Hg, Hg, and Hg, are present.
At higher temperatures, T > 360 K, only one line (Hy), which
is typical for the austenitic Heusler MSMAs [21], is observed.

It is worth noting that the intensity of line Hg increases
on heating, reaching maximum value at 380 K. In the same
time, the intensities of the lines observed in the martensitic
state gradually decrease and disappear. Further heating leads
to the decrease of the resonance field value Hy (see Fig. 4)
accompanied by the reduction of its intensity to the values,
which are typical for paramagnetic materials. It is quite typical
for Heusler MSMAs, exhibiting MT, that an inhomogeneously
broadened line is observed in the martensitic phase, while a
rather narrow resonance line [with antisymmetric derivative
shown in Fig. 3(c)], whose amplitude and resonance field
rapidly decrease near the Curie temperature, is detected in
the austenitic phase (see, e.g., Ref. [21]).

The occurrence of three resonance lines in the marten-
sitic state of studied film demonstrates a striking difference
between the magnetic state of this film and Ni-Mn-Ga
martensitic film showing one resonance only [22]. In the
latter case, the overall resonance behavior was brought about
by a strong ferromagnetic exchange coupling across twin
boundaries [22]. To understand a puzzling behavior in the
former case, in the next sections, the additional experimental
data are shown, and the original theoretical approach is
developed.

PHYSICAL REVIEW B 95, 024422 (2017)

(@) L 420

%/, 400
B NI
_/"'\
/\/

L\ - 360
\ L340
’ L 320
‘ L300

—\_—————1280
—\_——————260
N\ T 240
—/\f—v—\,_-zzo
—J\ﬁ-_’\,_-zoo
v }180
0 3000 6000 9000 12000

H (Oe)

®

Absorption derivative (arb. units)
T (K)

Absorption derivative (arb. units)

H

LI T T T
2 4 6 8 10 12
Resonance field (kOe)

©

H

R

Absorption derivative (arb. units)

|
|
|
{
¥

2 4 6 8 10 12
Resonance field (kOe)

FIG. 3. Resonance spectra recorded at different temperatures
for Ni46.0Mn36'gSn1 14CO58/MgO(001) film under magnetic field
applied perpendicular to the film plane (a); rescaled images of the
representative spectra (b) and (c). Paramagnetic admixture lines from
the film and the substrate (not analyzed in this paper) are observed in
the range of 3000—4000 Oe. The vertical arrows in (b) and (c) point to
the resonance field values Hg,, Hgy, and Hpgs, explained in Sec. IV.

II1. ADDITIONAL MEASUREMENTS AND QUALITATIVE
ANALYSIS OF THE DATA

The appearance of three lines in one ferromagnetic phase of
the film cannot be explained in terms of spin wave resonance in
the ferromagnetic film. At first sight, the observation of three
resonance lines in the martensitic film suggests the formation
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FIG. 4. Temperature dependences of the resonance fields mea-
sured for NiggoMnsg gSny; 4Cosg/MgO(001) film. The external mag-
netic field is perpendicular to the film plane. Triangles and squares
depict the positions of three peaks detected in martensite (see in
the text), and circles show the position of peak in austenite. Vertical
arrows point to the temperatures corresponding to the resonance peaks
shown in Figs. 3(b) and 3(c).

of few different magnetic phases below the MT temperature.
For instance, three ferromagnetic phases might be expected:
Two of them have higher saturation magnetization and Curie
temperature, which are close to the Curie temperature of
austenite, while the third one has relatively low magnetization
and Curie temperature around 270 K. However, magnetic
measurements did not indicate the formation of different
magnetic phases near 270 K: No peculiarities, which could
be attributed to the formation of these phases, are detected on
the temperature dependence of magnetization (see Fig. 1). The
possible formation of defect regions near the substrate surface
below the MT point is also not able to explain the resonance
spectra splitting observed experimentally. In the case of defect
area formation, it is unlikely to expect a formation of the
large enough homogeneous magnetic regions with the same
magnetic parameters. Much more probable would be the
inhomogeneous distribution of magnetically ordered areas,
which will lead to inhomogeneous line broadening rather than
resonance spectrum splitting into several quite symmetrical
lines. The existence of some antiferromagnetically ordered
areas in the film can be inferred from the observed shift
of the hysteresis loop (exchange bias) at low temperatures
(see inset in Fig. 2). Thus, the observed resonance spectrum
can be explained only by a formation of homogeneous
antiferromagnetic areas with the same magnetic parameters.
The defect area formation mechanism can provide a path
for antiferromagnetic phase appearance in this compound
(see below) and can explain the observed exchange bias at
low temperature, but, again, these areas should have different
magnetic parameters (Neel temperature, magnetic anisotropy,
etc.), which would lead to inhomogeneous lines broadening
instead of the spectrum splitting.

Note that the observed magnetic resonance spectrum is
impossible to explain in terms of domain walls resonance
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because at least two of three peaks were observed at saturated
magnetic fields, i.e., when there are no magnetic domains
and domain walls. Incidentally, the domain walls resonance
(not presented here) was observed for this film in the low
magnetic field area, well below discussed resonance line
position, and appeared to be dependent on the magnetic field
sweep direction.

The observation of two peaks in a saturated state allows
excluding magnetostatic interaction between twin variants as
well. The magnetostatic interaction between twin variants
should result in the observation of two resonance peaks in sat-
urating fields both for antiferromagnetic interaction between
twin components and also for the ferromagnetic coupling of
these components. However, previously [21,22,25] only one
resonance peak was observed in quite similar twinned films
of ferromagnetic Ni-Mn-Ga alloys but with ferromagnetic
coupling between twin components. This experimental fact
allows for the disregarding of the magnetostatic coupling for
other fine-twinned ferromagnetic films.

In the case of one antiferromagnetic phase formed below
the MT temperature, only two resonance peaks should be
observed [30]. It is well known, moreover, that in the classical
antiferromagnets, these peaks correspond to the two resonance
modes, optical and acoustical. The interval between acoustical
and optical branches of the resonance spectrum is about of
hundreds or thousands gigahertz [30]. As so, the optical
mode cannot be observed at our experimental conditions in
the case of classical antiferromagnetic phase. Observation
of acoustic and optical modes could be possible at such
conditions in the experiments with synthetic antiferromagnets,
i.e., multilayered structures of ferromagnetic films coupled
by the weak antiferromagnetic exchange (usually through
nonmagnetic interlayers) [31]. In such antiferromagnets, the
distance between optical and acoustic mode can be reduced to
several gigahertz (several kilooersted). In our case, the forma-
tion of structure that is similar to the synthetic antiferromagnet
is possible due to the submicron twinning of martensite:
The ferromagnetically ordered twin components may be
antiferromagnetically coupled by the reasons explained below.

As mentioned in Sec. II, the single-crystalline MgO(001)
substrate provides an epitaxial growth of NiggoMnsegSnij 4
Cos g film in the austenitic state. The condition of the surface
area conservation prescribes the transition of the film into
the martensitic state through fine twinning [22,27-29]. In the
NisoMnsg_,Z, (Z = In, Sn, Sb) alloys, the type of exchange
coupling between the magnetic ions depends on their spatial
arrangement and distances between them. Due to this, it is
possible to get a situation when the exchange is ferromagnetic
inside the twins and antiferromagnetic at the twin boundaries.
It is also important that the twin boundary is a practically ideal
plane. This feature provides a uniform exchange across the
twin boundary. Twins width in the epitaxial films of Heusler
alloys is about of several tens of nanometers [22,27-29], thus
comparable with the exchange correlation length [22]. So the
twin components can be antiferromagnetically coupled due to
the exchange interaction. The proof of such coupling can be
deduced from the characteristic dependence of the in-plane
resonance fields on the angle between the external field and
[100] crystallographic direction in MgO substrate. In this
regard, we additionally have measured angle dependences of
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FIG. 5. The experimental angular dependence of the resonance
fields in the film plane for two resonance peaks observed at 273 K
(symbols). The dashed lines are guides for the eye. The angular
dependence of the resonance field measured for the martensitic Ni-
Mn-Ga film, which does not exhibit an exchange coupling, is shown
in the inset for comparison (see Ref. [26]).

resonance fields, which are depicted in Fig. 5. A 90° periodicity
of the resonance field is found in the martensitic state (Fig. 5).
This periodicity is inherent in the epitaxially grown submicron
twinned MSMA films [22]. In contrast to this, a 180°
periodicity of the resonance field is typical to the non-epitaxial
MSMA films exhibiting orthorhombic martensite and lacking
exchange coupling between twin components [26] (see inset in
Fig.5). The idea about the antiferromagnetic coupling between
twin components has achieved a quantitative confirmation
within the theoretical approach developed in the next section.

IV. THEORY

According to the idea about the weak antiferromagnetic
coupling of twin components, let us consider the twin com-
ponents with magnetization vectors M; and M, interacting
with each other through the magnetic exchange of the antifer-
romagnetic type. The theory of antiferromagnetic resonance
(AFMR) in the antiferromagnets with two magnetic sublattices
is commonly known [30]. This theory can be adapted to the
case of two twin components. For this purpose, it is convenient
to express the free energy density of twin as the sum of free
energies F; and F, of twin components and the energy Fj, of
spin exchange interaction between the twin components:

F =F + F, + Fp,
Fy = 1M}, — M{H,
F, = 1pM5, — MLH,
Fi» = SM|M,, (H
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where the dimensionless parameters § and é are referred to as
the anisotropy constant and exchange constant, respectively; H
is the magnetic field; and the first and second terms in the right
sides of equations for F; and F, are the magnetic anisotropy
energy densities and Zeeman energy densities in twin com-
ponents, respectively. The twin components are consid-
ered physically equivalent, therefore, |M;| = |M;| = M(T).
It is shown below that the temperature dependence of magne-
tization of martensitic film is satisfactorily described by the
standard equation
M(T)= M) tanh [Tc M(T)/ T M(0)] 2)

It is convenient to characterize the film by the temperature
dependent anisotropy field Hs(T) = BM(T) and exchange
field Hg(T) = §M(T).

The antiparallel orientation of magnetization vectors di-
minishes the free energy of twin if § > 0. According to
experimental data shown in Fig. 5 and theoretical consider-
ations presented in Ref. [22], the internal twinning reduces
the uniaxial magnetocrystalline anisotropy of the film almost
to zero. In this case 8 &~ 4w > 0; therefore, the magnetostatic
field of the film orients the magnetization vectors in the film
plane (see Fig. 6). As shown in Fig. 6, the magnetic field
H, = H, applied normal to the film, turns the magnetization
vectors in fixed plane, which can be considered as the yz plane
of coordinate system. In this case, equilibrium values, My;
and My;, of magnetization vector components, My; and M»;,
satisfy the relationships

Mlx - M2x - 0
Mly = —sz = M(T)sin6(H,T),
M\, = My, = M(T)cos 6(H,T), A3)

AR .,,
‘.I.'

'/
7
Z

]

X _[ /Mz
M 'I el

FIG. 6. Schematic of the twinned magnetic film in the perpen-
dicular external magnetic field. Twin boundaries are shown by the
dashed lines. The numbers {1} and {2} mark the twin components.
The dotted, dashed, and solid arrows show the directions of the
magnetization vectors for the field values H = 0, H < Hs_F, and
H > H,_p,respectively. Here, H,_r is the field of phase transition
of twins from antiferromagnetic to ferromagnetic state.
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where 6(H,T) is the angle between the vectors M| and H. The
minimum conditions for the free energies [Eq. (1)] result in
the equation

if H < HA—F ,
otherwise,

H/H,_p(T)
| A—F (4)

cosO(H,T) = {

where Hs_p(T) = Ha(T) + 2Hg(T) is the characteristic field
corresponding to the phase transition of twin from antifer-
romagnetic to ferromagnetic state, that is, to the state with
0(H,T) = 0. In the theory of antiferromagnetism, this field is
called a spin-flip field.

As it is known, the dynamic equations for magnetization
vectors have a form

1 dM oF

e NG

V4 dt oM,

1 dM, oF

LM OF 5)
V4 dt oM,

where y is gyromagnetic ratio. Following the standard proce-
dure, the magnetization vectors are presented as the sums of
equilibrium and variable parts,

M, =M, +my () (6)

where my »(t) ox exp(iwt), t is time, and w is angular fre-
quency. It is advantageous to transform the dynamic equations

into the equation systems for the variables
I=m; —m;, m=m; +my, @)

which are the variable parts of the vector of ferromagnetism
M = M, + M, and vector of antiferromagnetism L = M; —
M,, widely used in the theory of magnetism [32].

The linearized equation system for the components of
vector 1 is

iwly, = y[H — (Hy +2Hg cos0)]l,,
iwly = —y[H — (Hy +2Hg cos0)]1,. ®)

The terms, which are proportional to m, ~ I? < [;, are
omitted in the course of linearization of dynamic equations.
The resonance frequency for vector 1 oscillations is obtained by
equating to zero the determinant of equation system [Eq. (8)].
This frequency is

w, = y[H — (Hy + 2Hg) cos 6] )

Taking into account Eqgs. (4) and (9), one can see that w; = 0
if H < HA—F and

wy =y(H — Hy —2Hg) (10)

otherwise.
The linearized equation system for the components of
vector m is

iomy, =y(H — HycosO)m, — Hysin6 [,
iom, = —y(H — Hj cos0)my, (11)
iwl, =2Hg sin0 my.
The resonance frequency for vector m oscillations is

wm = y[(H — Hy cos0)* + 2H, Hgsin?0]'/? (12)
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FIG. 7. Resonance frequencies computed from Eqgs. (9) and (12)
for the exchange fields of 950 Oe, 1250 Oe, and 1700 Oe (a); the
resonance field values corresponding to the exchange field of 1250 Oe
are marked by the arrows. Resonance frequency w,, computed
from Eq. (12) for the fixed value of exchange constant and three
temperature values (b); the vertical dash-doted and dashed arrows
point to the resonance field values Hg, and Hgs, respectively.

In the field range H > H4_F, this frequency is equal to the
ferromagnetic resonance frequency

wim = y(H — Hy) 13)

because in this field range the equilibrium directions of
magnetization vectors of twin components are parallel to each
other and to the axis z; therefore, the film is in ferromagnetic
state.

Let us accept that M(0) = 500G (evaluated from Fig. 2
and dimensions of film), Tc = 360K, and H4 = 4n M (i.e.,
the magnetic anisotropy field is considered to be equal to
magnetostatic field of the film). In this case, Eq. (2) results
in the value Hy = 58500e for the temperature of 200 K.
Figure 7(a) shows the magnetic resonance frequencies com-
puted for this anisotropy field and different values of the ex-
change field, Hg. The horizontal line shows the experimental
value of microwave frequency. For all Hg values, the plots of
function w; (H) are the straight lines, which cross the horizontal
line. The cross points correspond to the observable values of
resonance field, denoted as Hg;. The function w,,(H) is a non-
monotonic function for small values of the exchange field. Its
plot crosses the horizontal line at two values of resonance field
Hp, and Hpgj; if the exchange field value is larger than 950 Oe
but smaller than 1700 Oe, thatisif 2.1 < § < 3.6. In this case,
three resonance field values, Hg, Hg, and Hg3, are observable
at the microwave frequency of 9.45 GHz. In the case that Hg <
950 Oe, only the resonance fields Hg; and Hg, can be detected.
If Hg > 1700 Oe, only the resonance field value Hg; can be
detected at given microwave frequency. It should be noted that
the w,, (H) function becomes monotonic at Hg > 3 kQOe.

Figure 7(b) depicts the dependencies of the resonance
frequencies on the external magnetic field. The frequencies
are computed for different temperatures. The vertical arrows
point to the resonance field values corresponding to different
temperatures. It is seen that both Hg, and Hpgs values are
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FIG. 8. Theoretical temperature dependencies of characteristic
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dencies of the resonance fields (b). The temperature T approximately
corresponds to the start of reverse MT.

the decreasing functions of temperature, but the temperature
dependence of Hpgj3 is more pronounced.

V. EXTRACTION OF THE COUPLING PARAMETERS
FOR N1460Mn3685n114C058/Mg0(001) FILM

Magnetic measurements performed for the NiggoMnsgg
Snj; 4Cos5/MgO(001) film show that the low-temperature
limit of M(T) function, M(0), is approximately equal to
500 G and that the Curie temperature is close to 360 K.
The determination of coupling parameters was carried out as
follows.

First, a magnetic anisotropy constant, § = 11.2, and the
magnetic anisotropy field, H4(T), were determined from
Eq. (13) by fitting the theoretical curve Hpgy(T) to the
experimental points in the temperature range from 100 K to
200 K [see Figs. 8(a) and 8(b)]. A good agreement between
theoretical and experimental values of Hg, was observed in
the whole temperature range of martensitic phase [Fig. 8(b)].

PHYSICAL REVIEW B 95, 024422 (2017)

The value of parameter g is close to the magnetostatic value
47 [see Fig. 8(a)]. It points to the negligibly small uniaxial
magnetocrystalline anisotropy of the twinned film.

Second, the spin exchange constant, § = 2.92, and the
characteristic field, Hg(T'), were determined from Eq. (10)
by fitting the theoretical Hg(T) curve to the experimental
points. Figure 8(b) shows an excellent agreement between
theoretical and experimental dependences Hg(T), achieved
using the functions H4(T) and Hg(T) presented in Fig. 8(a).
This fact confirms the applicability of Eq. (2) for the M(T)
function to the studied film and the correctness of acceptance
for computation T¢ value.

Third, the theoretical dependence Hg3(T) was determined
from Eq. (12) without additional fitting of characteristic
parameters of the film. A good agreement between theoretical
and experimental data was observed in the temperature range
from 100 K to 220 K [see Fig. 8(b)]. The disagreement between
theory and experiment in the temperature range 220K < T <
Ty can be caused by the weak dependence of w,, on the
magnetic field at low fields. Almost flat segments are present
in the w,, (H) curves for H < 2kOe (Fig. 7). Considering the
dashed line in Fig. 7, one can conclude that the decrease of
the microwave frequency by Aw ~ 0.1 GHz results in the
increase of the resonance field from zero to 2 kOe. Moreover,
the lattice instability in the MT temperature range may cause
the temperature variation of the parameters 8 and . However,
the experimental study of such variations is a complicated
problem.

VI. SUMMARY AND CONCLUSION

We have carried out a ferromagnetic resonance and magne-
tization study of epitaxial Nige 0Mn36.8Sn;; 4Cos g/ MgO (001)
films exhibiting the MT at 270 K. The magnetic resonance
measurements reveal one resonance line in the austenitic
phase and three lines in the twinned martensitic phase.
Magnetization measurements show that the ferromagnetic
ordering dominates in both phases; therefore, only one
resonance line should be observed. A quantitative theoretical
analysis of the magnetic resonance spectrum was developed,
enabling explanation of the appearance of three resonance lines
in the martensitic phase, assuming a weak antiferromagnetic
exchange interaction between the ferromagnetic twin
components in the martensitic film.

The dimensionless magnetic anisotropy constant 8 = 11.2
and exchange constant § = 2.92 were evaluated by fitting
the computed resonance fields Hg(T) and Hgo(T) to
experimental values. A quantitative agreement between the
positions of computed and measured resonance lines was
achieved. A good agreement between the theoretical and
experimental values of the resonance field Hg3(T) was
observed without additional fitting of the material constants.
The determined value of exchange constant corresponds to
the very low exchange field, about 1.5 kOe, because the
number of magnetic ions interacting antiferromagnetically
through the twin boundary is much less than the total number
of magnetic ions in the twin. A similar situation takes place
in artificial antiferromagnetic structures such as those used in
giant magnetoresistance devices and spin valves.

In conclusion, there exists a strong resemblance between
the artificial antiferromagnetic superlattices and twinned

024422-7



V. 0. GOLUB et al.

martensite in the studied films. In both physical systems, a
weak antiferromagnetic coupling between the ferromagneti-
cally ordered layers (in the superlattices) and twin components
(in the twinned martensite) is present. Because of the possible
applications, this resemblance deserves careful study [33]. It
also implies an emerging vision of the so called nonmagnetic
martensite in MMSMASs, which are under continuing devel-
opment.
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