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Static and dynamical magnetic properties of the amorphous and crystalline
A2-type ordered Heusler Fe,CrGa-alloy films are investigated and compared
with the properties of the bulk A2-type ordered Fe,CrGa alloy. Unlike litera-
ture results for bulk Fe,CrGa alloy, a complete structural disorder in amor-
phous state gives rise to a drastic decrease of alloy saturation magnetization.
Annealing of amorphous films at Tan= 740 K leads to their crystallization
with the formation of the disordered A2-type structure and the magnetic
properties of such crystalline films close to those of bulk alloy. Ferromagnet-
ic resonance (FMR) investigations show that both amorphous and crystalline
FesCrGa-alloy films are microscopically inhomogeneous in both magnetic and
structural aspects. Based on the FMR spectra analysis, it can be concluded
that, in crystalline FesCrGa-alloy films, there are regions with order close to
the crystallographic L2; and Hg:CuTi types. These results perfectly correlate
with first-principal calculations of the magnetic properties of FesCrGa alloy.
As shown, the Slater—Pauling rule is not applicable for full Heusler alloys
with inverse crystalline Hg,CuTi-type structure.
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B po6ori mociimxeHo cTaTHUUHI Ta JUHAMIiYHI MarHeTHi BJIACTHBOCTiI amopd-
HUX i BIOPAIKOBAHUX 3a TUIIOM A2 KpHUCTATiUYHUX MIiBOK ['oiicepoBoro cro-
ny FesCrGa, AKMX IOPiBHAHO 3 MAarHETHUMHU BJIACTUBOCTSMU MaCHUBHOTO CTOITY
Fe:CrGa i crpykryporo tuny A2. Ha Binminy Binm siTepaTypHUX HaHUX OIS
macuBHOTO cTtonry FesCrGa aTomoBuii 6e31a B aMOp()HOMY CTAHi CTOIY IPUBO-
IUTH IO 3HAUHOTO 3MEHINIeHHs Oro HaMarHeTOBAaHOCTH HACUTY. Bigmam amop-
duUx mriBok cromy Fe,CrGa 3a tremmepatypu Twi, = 740 K cipuuniioe Kpucra-
Jiszarfiro ix 3 popMyBaHHAM PO3YIOPAAKOBAHOI CTPYKTYypu Ty A2 Ta BiJHOB-
JIEHHS HaMarHeTOBAHOCTY HACUTY ILJIIBOK /IO BEJIUYUNH, OJU3BKUX A0 HaMarHe-
TOBAHOCTU MacuBHOro crony. IocaimyxkeHHA G(epoOMarHETHOTO pPE30HAHCY
(PMP) mokazaiu, 1o Ak amopdHi, Tak i KpucTtaaiui mriBku crony Fe,CrGay
MarHeTHOMY Ta KPHCTAJIYHOMY acIeKTaX € HeogHopimauMu. Buxongsauu 3 aHa-
gisu cmekTpiB @MP, 3pobiieHO BUCHOBOK, IO KPUCTAJMIUHI IIiBKH CTOIY
Fe:CrGa wmicTtars objaacTi, CTPYKTypa HOPAAKY B AKUX Oam3bKa Ao L2:- i
Hg,CuTi-tunis. 1li BucHOBKY 100pe KOPEIIOITDL 3 Pe3yJIbTaTaMU IIEPIIOIPU-
HIMOHUX PO3PaxXyHKiB MarueTHux BjacTuBocTeil crony Fe,CrGa. Taxko:x mo-
KasaHo, 1m0 npasuyo Ciaerepa—Iloninra He BuKoHyeThcs mys ['oiicaepoBUx
CTOITiB i3 iHBEPCHOIO KPUCTATIYHOIO CTPYKTypoio Tuny Hg.CuTi.

KarouoBi cioBa: ToHKI MarHeTHi mIiBKu, aMOpdHUII cTaH, aTOMOBE BIIODPAI-
KyBaHHSA, (pepoMarHeTHUN pe3oHaHc, I'oliciepoBi cTomu.
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1.INTRODUCTION

One of the most remarkable features of X;YZ (where X and Y are tran-
sition metals, Z is s—p metal) full Heusler alloys (HAs) with L2; type
crystalline structure is ferromagnetic (FM) ordering of some alloys
produced from «nonmagnetic» metals (like CusMnAl or Cu:MnSn) [1].
The FM behaviour of such HAs is due to FM coupling between «non-
magnetic» metals (Y like Mn or Cr) occupying specific positions in the
HA lattice which makes them the third nearest neighbours (NN) sepa-
rated by the distance of about third NN Mn—Mn ~ 0.422—-0.438 nm. Be-
ing in the second (second NN Mn—Mn ~0.298-0.310 nm) or even the
first (first NN Mn—Mn = 0.211-0.219 nm) coordination sphere in the
HA lattice these «<nonmagnetic» metals are usually antiferromagneti-
cally (AFM) coupled [2, 3]. Thus, it is clear that atomic order in HAs
plays a crucial role in the formation of their resulting magnetic prop-
erties. If HA contains «ferromagnetic» metal (usually, Co, Fe, or Ni as
X or/and Y) the situation becomes more complicated. In a disordered
state, these «ferromagnetic» atoms can create their own clusters. A
strong influence of the atomic order on the magnetic properties of HA
has been shown experimentally and explained using the result of the
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first-principal calculations of the electronic structure and magnetic
properties of HAs[2, 4—-14].

Probably Taylor and Tsuei were the first who obtained Cu:MnZ
(Z=1In, Al, Sn) HA films in an amorphous state and showed their non-
ferromagnetic (or spin-glass) behaviour [4]. Krusin—Elbaum et al. ex-
plained the lack of FM ordering in an amorphous state of CusMnZ
(Z=1In, Al, Sn) HA films in terms of competition between long-range
indirect FM exchange with direct AFM overlap [2]. It was found that
amorphous NisxMnGa HA films behave as Pauli paramagnet down to
T=4.2K [6]. Annealing of such amorphous films restores their crys-
talline single-phase HA structure and FM properties typical for corre-
sponding bulk alloys [4, 6]. At the same time, structural disorder in-
duced by ball milling can significantly enhance the magnetization of
bulk Fe,CrGa alloy from =~ 2.2 pg/f.u. up to 3.2-3.6 pg/f.u. [15]. Strong
dependence of magnetic properties of NixMnIn HA films on deposition
temperature and post-annealing temperature (i.e. on the film struc-
ture) were also shown by Xie et al. [5]. The atomic disorder upon L2; to
A2 order type transition in CosFeGe HA films leads to about 15% room
temperature (RT) saturation magnetization reduction [7]. Kostenko
and Lukoyanov theoretically considered the effect of atomic disorder
on the electronic structure and magnetic properties of Fe;VAl and
CozCrAl HAs. It was shown that atomic disorder with a statistical dis-
tribution of defects or/and with the formation of some short-range or-
der causes about 30% magnetic moment reduction in CozCrAl alloy and
an appearance of the magnetic moment of about 1.9 ug/f.u. in non-
magnetic Fe;VAI [13]. Ishida et al. considered the effect of various
kinds of chemical disorder in Fe:CrZ (Z=Si, Ge, Sn) HAs on their elec-
tronic structure and some physical properties. It was found that Fe—Z
disorder causes 1.5—2.5 times increase in the total magnetic moment
while Fe—Cr disorder leads to an insignificant increase or decrease in
M.t depending on Z [11].

The variation of the atomic order in the HA film samples usually can
be achieved by changing the deposition temperature (RT or higher)
and/or subsequent annealing. Vapour quenching deposition of the HA
films onto substrates cooled by liquid nitrogen substrates allows fixing
the chaos of the metallic atom distribution of a vapour phase in con-
densed films. In this study, the effect of atomic disorder on the mag-
netic properties of amorphous Fe.CrGa alloy films has been investigat-
ed.

2. EXPERIMENTAL DETAILS

Bulk Fe.CrGa alloy was prepared by melting together corresponding
amounts of Fe, Cr, and Ga metals of 99.99% purity in an arc furnace
with a water-cooled Cu hearth in 1.3 bar Ar atmosphere. The Ar gas in
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the furnace before melting was additionally purified by multiple re-
melting of a TisZrso alloy getter. To promote volume homogeneity, the
ingot was remelted five times. After ingot melting, the weight loss was
found to be negligible. To obtain ordering of the alloy the ingot was
annealed at T=1073 K for 2 hours and slowly cooled down. The actual
ingot composition was evaluated using energy dispersive x-ray spec-
troscopy and found to be Fes1.sCrzs.9Gasz 2 (hereinafter Fe,CrGa).

Fe;CrGa alloy films with the thickness of about 100—180 nm were
deposited from Fe,CrGa alloy powder by flash evaporation in the vacu-
um better than 1-107* Pa onto two glass substrates cooled down by lig-
uid nitrogen. Vapour quenching deposition onto substrates cooled by
liquid nitrogen was aimed to provide a complete structural disorder in
the films. To obtain ordered state, one of the films from this couple was
annealed at Tann = 740 K in high vacuum.

Structural characterization of bulk and film samples was carried out
at RT by 0-20 x-ray diffraction (XRD) with CoK, radiation
(A=0.179021 nm). Static and dynamical magnetic properties of the
bulk sample and films were investigated using vibrating sample Lake
Shore 7404 magnetometer (VSM) and ferromagnetic resonance (FMR)
spectroscopy on Bruker ELEXSYS-E500 spectrometer operating in x-
range (f=9.864 GHz). The standard resonance conditions for the ex-
ternal magnetic field applied perpendicular and parallel to the film
plane are:

C_H' —4nM,,, (1)
6%
% = JH', x(H, +47M.,,). (2

Here, o is frequency, y=(e/2mc)g is gyromagnetic ratio, g is Landé
factor, M. is effective magnetization, H: and H!_ are normal and in
plane resonance magnetic fields, respectively [16]. Thus, M. for
Fe;CrGa alloy films can be extracted from the measured H.. and H'

using the equations (1), (2). -

3. RESULTS AND DISCUSSION

Figure 1 presents the experimental RT XRD patterns for the investi-
gated bulk and film samples as well as simulated XRD stroke diagram
for stoichiometric Fe:CrGa alloy with L2; type of atomic order. Despite
of the high-temperature annealing at T..,=1073 K, the disordered
body-centred cubic (b.c.c.) A2 phase is formed in bulk Fe;CrGa alloy
sample—only fundamental (220), (400), and (422) reflections of the
L2, phase (or (110), (200), and (211) ones for b.c.c. A2 phase) can be ob-
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served (see Fig. 2). Its lattice parameter (a,, =0.5823 nm or
as2=0.2911 nm) is rather close to those reported in the literature:

0.5824 [17], 0.580-0.583 nm [15], and 0.5821 nm [18]. A vapour
quenching deposition of the Fe;CrGa alloy films onto liquid nitrogen
cooled substrates results in the formation of totally amorphous state
(see Fig. 1). Annealing of these amorphous Fe;CrGa alloy films at
Tan =740 K leads to film crystallization with an appearance of the re-
flections which are typical for the disordered b.c.c. A2 phase with the
lattice parameter a,, =0.58291 nm (or as2=0.29145 nm).

Thus, despite hlgh temperature annealing we failed to obtain the L2;
or even B2 phases in Fe;CrGa alloy bulk and film samples. This exper-
imental result correlates with unsuccessful attempts of Umetsu et al.
to produce L2; or B2 type singe-phase samples of bulk Fe:CrGa alloy
and can be explained by theoretical results of Zhang et al. who revealed
that the disordered A2 phase is more energetically preferable than the
ordered L2; or B2 phases[18, 15].

Magnetic properties of the investigated bulk and film Fe,CrGa alloy
samples have been presented in Figs. 3—5 and summarized in Table 1.
The M(H) and M(T) dependences for the bulk Fe,CrGa alloy sample are
typical for single-phase FM materials. The experimentally obtained
value of the saturation magnetization for bulk Fe,CrGa alloy sample is
M:y(293 K)=1.9 ug/f.u., which nicely correlates with the experi-

1 as-quenched film
2 annealed film

1.5 3 bulk
4 model L2, ¢=0.5817 nm
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Fig. 1. RT experimental XRD patterns for bulk and film Fe;CrGa alloy sam-
ples as well as simulated stroke-diagram for stoichiometric Fe:CrGa alloy
with L2; type atomic ordering.
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mental results for bulk FexCrGa alloy by  Buschow
(Ms(4.2K)=2.6 ug/f.u.), Zhang et al. [2.2< Mq(5K)<3.6 ug/f.u.]
and Umetsu et al. [1.96 < M (4.2 K)<2.67 pug/f.u.] [17, 15, 18]. The
Curie temperature of the bulk alloy Tc=416 K also belongs to the in-
terval determined by Umetsu et al. (350 < T¢ <460 K) for Fe,CrGa alloy
[18]. According to the results of first-principle calculations, the in-
verse Hg,CuTi type of structure (space group 216) is more energetical-
ly preferable for stoichiometric Fe:CrGa alloy than typical for most
full HAs L2, one (space group 225) (see Fig. 2)[15, 19].

The inverse full HAs resemble the usual full HAs having also the
chemical formula X;YZ and crystallize in the so-called XA or Xa struc-
ture (the prototype structure is Hg,CuTi) [20]. Usually, the inverse
structure in full HAs is observed for alloys where the valence of the X
transition atom is smaller than of the Y atom. The calculated magnetic
moment of the stoichiometric Fe;CrGa alloy with Hg,CuTi structure
type is more than two times larger than that of alloy with L2; structure
type: M(Hg:CuTi)=2.35 or 2.20pug/f.u. vs. M(L2:)=0.96 or
1.00168 ug/f.u. [15, 19]. For both these types, the ferrimagnetic cou-
pling of magnetic moments is observed. However, for the case of L2
type of structure main magnetic moment is localized on Cr sites
(mcr=-1.43 or —-1.60 pg, mr.=0.25 or 0.33 pug) while for the case of
Hg,CuTi atomic order main contribution to the resulting magnetic
moment of alloy comes from the Fe sites (mrs=1.74 or 1.76 us,
Mrerr=2.51 or 2.52 pg, mer=-1.69 or —1.89 pus) [15, 19].

It is practically impossible to distinguish L2; and Hg,CuTi struc-
tures from XRD measurements. The intensities of the (111) and (200)

1
Space group 225 Space group 216

Fig. 2. Possible positions of Fe, Cr and Ga ions in stoichiometric Fe;,CrGa alloy
with L2; (space group 225) or Hg:CuTi (space group 216) types of atomic or-
der. Fe, Cr and Ga ions are shown by black, grey, and white circles, corre-
spondingly, aas is the lattice parameter for the case of random occupation of
the lattice sites by Fe, Cr and Ga ions, i.e., for A2 type of atomic order.
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superstructure reflections for both perfectly ordered Hg:CuTi and L2,
phases do not exceed 4—6% of the amplitudes of the most intense (220)
fundamental reflections. Furthermore, the intensities of the (111) and
(200) superstructure reflections for both types of order differ insignif-
icantly.

Based on the comparison of the results of the first-principle calcula-
tions and experimentally obtained magnetic data for the bulk Fe;CrGa
alloy it can be supposed a formation of the Hg2CuTi type phase instead
of the L2; one. It is well known that the Slater—Pauling rule allows
predicting magnetic moment M, for full Heusler alloys with typical
for them L2; type of atomic structure [21-23]. According to this rule,
M, can be estimated as M, ,=(Ny— 24)us, where N, is the total num-
ber of valence electrons of full HA. For the case of Fe.CrGa alloy,
Ny =2(3d5+ 48?*)pe + (3d® + 48')cr + (48% + 3p1)a = 25. Thus, according to
Slater—Pauling rule, the resulting magnetic moment of Fe.CrGa alloy
should be equal to M, = (25— 24)ug=1us. It is easy to see that the ex-
perimentally obtained RT magnetization value of Fe.CrGa bulk alloy is
nearly two times larger than the predicted one. Skaftorous et al. have
shown that the Slater—Pauling rule for inverse HAs should be material
specific depending on the relative valence of X and Y atoms and may be
presented as M, ,=(Nv—18)us, M;,=(Nv—24)ug or M, ,=(Nv—28)us
[24]. So, M, may be equal to +7, +1, or —3ug/f.u., respectively. None
of these values fit our case.

Magnetic measurements in the films have shown that structure dis-
order results in a drastic decrease of Fe;CrGa saturation magnetization
from Meyst(293 K)=160 emu/cm? t0 Manorpn(293 K) =19 emu/cm? (see
Fig. 3 and Table 1). Unlike bulk Fe;CrGa alloy, there are two character-
istic points on the temperature dependence of magnetization M(T) of

Bulk Fe CrGa I amorphous film 150

40 2 2 02 crystalline film |
w 20 5010 g
B z E}

g |
g 0 g0 £
- < .
= -20 -10 =

40 =20
—4000 -2000 0 2000 4000 -1500 =500 0 500 1500
H, Oe H, Oe
a b

Fig.3. RT magnetization hysteresis loops M(H) for bulk (a) and film (b)
(magnetic field is in the film plane) samples of Fe:CrGa alloy.
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crystalline Fe:CrGa films at T~ 398 and 470 K. Their appearance can
be attributed to the coexistence of the several FM phases with different
Curie temperatures in the film. Noisy M(T) plot for amorphous
Fe;CrGa films (not shown) allowed only roughly evaluating their Curie
temperature as T'c ~ 400 K.

The FMR absorption spectra for amorphous and crystalline Fe.CrGa
alloy films clearly show multipeak structure, which can be attributed
to coexistence of the several magnetic phases with different values of
the effective magnetization M. in the films (see Fig. 5). Multipeak
analysis of the experimental FMR absorption spectra reveals the pres-
ence of at least 3-peaks with different positions of the absorption max-
ima. The investigation of the evolution of the FMR spectra with the
deviation of the direction of external magnetic field from the film
normal (polar angle) allowed to determine the contribution from these
phases into the FMR spectra and to calculate the effective magnetiza-
tions M.s for each phase using the equations (1) and (2). These results
are presented in Table 1. Besides the paramagnetic phase, several FM
phases (Mer=1.26 and 0.36uz/f.u.) were found in the amorphous film.
While the VSM measurements gave the information about the mean
saturation magnetization of the film, the FMR spectroscopy in the
general case allows extracting parameters of individual phases. For

1 Bulk H__=1000e 1
2 Crystalline film i

L0 0.00

—

x .
2 5
[=]] <
3 -0.05 .
: s
- ~=
E 0.5 g
=~ 3
I3

E —0.10

0.0

Temperatura, K

Fig. 4. Temperature dependences of magnetization normalized with respect
magnetization at RT for bulk (1) and crystalline film (2) Fe,CrGa alloy sam-
ples in the magnetic field Hpeas = 100 Oe (symbols) (left scale). Line presents
dM /dT dependence derived from M(T) plot for bulk sample (right scale).
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planar magnetic phases without magnetic anisotropy M. = M. How-
ever, if we suppose that the amorphous film consist of the FM phases
only its average saturation magnetization should be much higher than
that extracted from VSM measurements.

The most probable explanation of this is that the magnetic clusters
are embedded into paramagnetic matrix. It should be mentioned that
in this case, the shape of such clusters can be far from plane and we
cannot apply equations (1) and (2) for the determination of the satura-
tion magnetization, but they can give us the information about low
limit of the saturation magnetization of these phases. Crystallization
of amorphous Fe:CrGa films results in significant changes of the FMR
absorption spectra as well as in nearly tenfold increase of M. (see Ta-
ble 1). According to the FMR spectra analysis, the crystalline Fe:CrGa
films have regions with the local saturation magnetizations M. close
to 1 and 2ug/f.u. Considering the results of first-principle calcula-
tions, it can be concluded that the crystallization of the films leads to
the formation of different regions consisting of L2; or Hg:CuTi phas-
es. There are also regions with M.=0.75uz/f.u., which are needed to
explain the net saturation magnetization M=0.93uz/f.u. deter-
mined by VSM. The appearance of the nonmagnetic (paramagnetic)
phase in amorphous Fe:CrGa alloy films can be explained (by analogy
with amorphous Cu:MnSn films [2, 3]) by the interplay of FM and AFM
couplings of the magnetic moments localized on Cr sites. As it was
mentioned above, the resulting magnetic moment of L2; type Fe:CrGa
alloy is formed by FM coupled magnetic moments localized on Cr sites,
which are the third nearest neighbours in L2; lattice. Being the first or
second nearest neighbours in the amorphous film, the magnetic mo-
ments on Cr sites interact AFM. However, this rough qualitative ex-

E ©=90°-§ Amorphous| Crystalline
52000 = o &
. o Qo= 90 -3t

=] - 75

.g 1500 E 4000

o +

81000 &

2 22000

@ 500 s

= = A

BN =t e . E Py e e

0 2000 4000 6000 8000 0 2000 4000 6000 8000

H, Oe H, Oe
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Fig. 5. RT FMR absorption spectra (symbols) for amorphous (a) and crystal-
line (b) FesCrGa films recorded for the magnetic field directed perpendicular
(¢ =0°) and parallel (¢ =90°) to the film plane. Solid and dashed lines show the
results of multi-peak analyses of the experimental spectra.
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TABLE 1. Experimentally determined magnetic properties of the investigat-
ed Fe;CrGa samples.

M(293 K), | M.::(293 K),

Sample | Tsup, K| Tamn, K [Sample structure Tce, K

pe/f.u. pus/f.u.
Bulk 1073 Crystalline A2 1.9 416
1.26
Film 78 293 Amorphous 0.11 0.36 ~ 400
=0
2.07 ~ 480
Film 78 740 Crystalline A2 0.93 1.05 ~ 370
0.75 ?

planation does not consider the possibility of Fe cluster formation and
their influence on the resulting magnetic properties of the alloy.

4. SUMMARY

1. Unlike bulk Fe;CrGa alloy, a complete atomic disorder in amorphous
films leads to dramatic decrease of the mean saturation magnetization.
The comparison of FMR and magnetometry data allows proving the
formation of large paramagnetic at RT regions in the amorphous films.
2. Amorphous and crystalline Fe,CrGa films are microscopically inho-
mogeneous. Both of them contain regions with different local satura-
tion magnetization, Curie temperatures and hence different atomic
ordering.

3. High-temperature annealing of amorphous Fe.CrGa films recovers
their crystallinity with the stabilization of A2 type structure but does
not completely recover the magnetic properties of the films to the bulk
alloy level.

4. In bulk alloy, it is possible to obtain practically homogeneous struc-
ture with Hg.CuTi type of ordering, while, in films, there is a mixture
of regions with different atomic ordering including L2; and Hg.CuTi
types. For the crystalline films, the characteristic size of these regions
is higher than exchange correlation length and they can be easily dis-
tinguished using FMR and VSM techniques.

5. It was shown that the Slater—Pauling rule does not work for full
Heusler alloys with inverse Hg2CuTi-type of crystalline structure.

V. Golub is thankful for support from NRFU grant 02.2020/0261.

REFERENCES

1. F. Heusler, Verh. Disch. Phys. Ges., 12: 219 (1903).



10.
11.
12.
13.
14.
15.

16.
17.

18.

19.

20.
21.

22.
23.

24.

MAGNETIC PROPERTIES OF Fe,CrGa HEUSLER ALLOY FILMS 441

L. Krusin-Elbaum, A. P. Malozemoff, and R. C. Taylor, Phys. Rev., 27: 562
(1983).

K. L. Dang, P. Veillet, and I. A. Campbell, J. Phys. F: Met. Phys., 7: L237
a977).

R. C. Taylor and C. C. Tsuei, Solid State Communications, 41, Iss. 6: 503
(1982).

J. Q. Xie, J.Lu, J. W. Dong, X. Y. Dong, T. C. Shih, S. McKernan, and

C. J. Palmstrem, J. Appl. Phys., 97: 073901 (2005).

S.dJ.Lee, Y. P.Lee, Y. H. Hyun, and Y. V. Kudryavtsev, J. Appl. Phys., 93:
9675 (2003).

A.Vovk, S. A. Bunyaev, P. Strichovanec, N. R. Vovk, B. Postolnyi, A. Apo-
linario, J. A. Pardo, P. A. Algarabel, G. N. Kakazei, and J. P. Araujo, Nano-
materials, 11: 1229 (2021).

M. Kogachi, T. Fujiwara, and S. Kikuchi, J. Alloys Comp., 475: 723 (2009).
A.W. Karbonari, R. N. Saxena, J. Mestnik-Filho, G. A. Cabrera-Pasca,

M. N. Rao, J. R. B. Oliveira, and M. A. Rizzuto, J. Appl. Phys., 99: 08J104
(2006).

K. Seema, N. M. Umran, and Ranjan Kumar, J. Supercond. Nov. Magn., 29: 401
(2016).

S. Ishida, S. Mizutani, S. Fujii, and S. Asano, Mater. Trans., 47, Iss. 3: 464
(2006).

J. Kiss, S. Chadov, G. H. Fecher, and C. Felser, arXiv:1302.0713v1 (2013).
M. G. Kostenko and A. V. Lukoyanov, Mater. Chem. Phys., 239: 122100 (2020).
K. Ozdogan, B. Aktas, I. Galanakis, and E. Sasioglu, arXiv:cond-mat/0607652
(2006).

H. G. Zhang, C. Z. Zhang, W. Zhu, E. K. Liu, W. H. Wang, H. W. Zhang,

J. L. Cheng, H. Z. Luo, and G. H. Wu, J. Appl. Phys., 114: 013903 (2013).

M. Farle, Rep. Prog. Phys., 61: 755 (1998).

K. H. J. Buschow, P. G. van Engen, and R. Jongebreur, J. Magn. Magn. Mater.,
38, Iss. 1:1(1983).

R. Y. Umetsu, N. Morimoto, M. Nagasako, R. Kainuma, and T. Kanomata, ¢J.
Alloys Comp., 528: 34 (2012).

Y. V. Kudryavtsev, N. V. Uvarov, V. V. Klimov, and L. E. Kozlova, J. Appl.
Phys., 132, Iss. 10: 105103 (2022).

I. Galanakis, K. Ozdogan, and E. Sasioglu, AIP Advances, 6: 055606 (2016).
I. Galanakis, P. H. Dederichs, and N. Papanikolaou, Phys. Rev. B, 66: 174429
(2002).

T. Graf, C. Felser, and S. S. P. Parkin, Prog. Solid State Chem., 39: 1 (2011).
G. H. Fecher, H. C. Kandpal, S. Wurmehl, and Claudia Felser, arXiv:cond-
mat/0510210v1 (2005).

S. Skaftouros, K. Ozdogan, E. Sasioglu, and I. Galanakis, Phys. Rev. B, 87:
024420 (2013).


https://doi.org/10.1103/PhysRevB.27.562
https://doi.org/10.1103/PhysRevB.27.562
https://doi.org/10.1088/0305-4608/7/8/005
https://doi.org/10.1088/0305-4608/7/8/005
https://doi.org/10.1016/0038-1098(82)90535-X
https://doi.org/10.1016/0038-1098(82)90535-X
https://doi.org/10.1063/1.1868857
https://doi.org/10.1063/1.1558607
https://doi.org/10.1063/1.1558607
https://doi.org/10.3390/nano11051229
https://doi.org/10.3390/nano11051229
https://doi.org/10.1016/j.jallcom.2008.07.108
https://doi.org/10.1063/1.2172222
https://doi.org/10.1063/1.2172222
https://doi.org/10.1007/s10948-015-3271-7
https://doi.org/10.1007/s10948-015-3271-7
https://doi.org/10.2320/matertrans.47.464
https://doi.org/10.2320/matertrans.47.464
https://doi.org/10.1016/j.matchemphys.2019.122100
https://doi.org/10.48550/arXiv.cond-mat/0612194
https://doi.org/10.48550/arXiv.cond-mat/0612194
https://doi.org/10.1063/1.4812380
https://doi.org/10.1088/0034-4885/61/7/001
https://doi.org/10.1016/0304-8853(83)90097-5
https://doi.org/10.1016/0304-8853(83)90097-5
https://doi.org/10.1016/j.jallcom.2012.02.163
https://doi.org/10.1016/j.jallcom.2012.02.163
https://doi.org/10.1063/5.0105273
https://doi.org/10.1063/5.0105273
https://doi.org/10.1063/1.4943761
https://doi.org/10.1103/PhysRevB.66.174429
https://doi.org/10.1103/PhysRevB.66.174429
https://doi.org/10.1016/j.progsolidstchem.2011.02.001
https://doi.org/10.1103/PhysRevB.87.024420
https://doi.org/10.1103/PhysRevB.87.024420

