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INFLUENCE OF Fe DISTRIBUTION IN THE FECR LAYER
ON THE MAGNETIC BEHAVIOR OF THE Fe/Cr/FeCr/Cr/Fe CURIE SWITCH

Spintronics is one of the most promising fields of modern electronics. It originated with the discovery of the giant
magnetoresistance (GMR) effect and has played a vital role in the development of information recording, storage,
and playback systems. Over time, it has become evident that the potential of spintronics is significant: spintronic devices
can offer substantial advantages in speed, energy efficiency, and miniaturization compared to their semiconductor
counterparts.

Many spintronic devices are based on magnetic multilayer structures consisting of magnetic and non-magnetic (a_few
nanometers thick) metallic layers. The magnetic layers in such structures are coupled by indirect exchange interaction,
mediated by conduction electrons. The magnitude and sign of this exchange interaction determine whether the magnetic
moments of adjacent ferromagnetic layers, separated by a non-magnetic spacer, align parallel or antiparallel to each
other. These properties depend on structural parameters, most notably the thickness of the non-magnetic spacer.

The primary challenge is that the spacer thickness is fixed during the fabrication process and cannot be altered during
operation. One solution to this problem is the use of Curie switches, which exhibit temperature-dependent exchange
interaction due to a diluted magnetic layer embedded within the non-magnetic spacer. Fe(2)/Cr(0.4)/FeCr(0.8)/Cr(0.4)/
Fe(2) structures are well-studied; they have demonstrated a reversal of the exchange coupling sign upon heating, resulting
in a change in magnetoresistance. This can be achieved through external heating or even via Joule heating.

This work investigates the influence of the morphology of the diluted Fei7.sCrs2.s spacer on its magnetic properties.
1t is shown that spacer clustering leads to an increased ferromagnetic contribution, the appearance of a small hysteresis
loop, and remanent magnetization, which gradually decreases with increasing temperature and causes a shift in the phase
transition temperature of the entire Ct/FeCr/Cr spacer. As the temperature increases further, the clusters transition into
a superparamagnetic state.

It can be concluded that cluster inhomogeneities affect the interlayer exchange interaction: at low temperatures,
by inducing direct ferromagnetic interaction through ferromagnetic clusters; at higher temperatures, through their
contribution to indirect exchange due to the clusters’ transition to the superparamagnetic state, as well as by shifting
the paramagnetic transition point of the entire Cr/FeCr/Cr spacer.
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BIIJIUB PO31MIOAINY Fe B IAPI FECR HA MATHITHY HOBEJAIHKY KIOPI
NEPEMMUKAYA Fe/Cr/FeCr/Cr/Fe

CninmpoHika € 0OHUM 13 HAUNEPCREKMUBHIWUX HANPIMIG CYUACHOT eleKkmpoHiKy. Bona nouanacw 3 8iokpumms egex-
my 2ieanmcokozo maenimoonopy (IMQO) ma sidiepana eaxiciugy poiv y po36UmKy CUCmem 3anucy, 30epieanus i 6i0meo-
pennus inghopmayii. 3 uacom cmano 3po3ymino, wo NOMeHYian CRIHMPOHIKU € SHAUHUM. CRIHMPOHHI NPUCIPOT MOXNCYb
mamu cymmesi nepegazu y weuokoodii, eHepeoehekmueHocmi ma MiHiamopuzayii NOPIieHAHO 3 HANIGNPOGIOHUKOBUMU
aHano2amu.

B ocnosi bacamvox cninmponnux npucmpois jiexcamov MAacHimHi 0A2amowaposi CmpyKmypu, wo CKia0aombCsl
3 MACHIMHUX T HeMASHIMHUX (MOBWUHOK OeKLIbKA HaHOMempie) Memanesux wiapie. Maenimui wiapu 6 maxux cmpyKkmy-
Pax nog s13aHi HenpsAMO 0OMIHHOI0 83AEMOIIEI0, HOCIAMU AKOI € eeKMpPOHU NPOGIOHOCMI. Benuuuna ma 3Hax 0OMiHHOT
63AEMOOTT BUSHAUAIOMb, K MACHIMHI MOMEHMU CYCIOHIX (hepOMAcHIMHUX apis, pO30LIEeHUX HEMASHIMHUM NPOUAPKOM,
0ydyms opieHmygamucs 00UH 8iO0HOCHO THUL020 (NAPATIETbHO YU AHMUNAPANENbHO), T 3a1eHCamb 8i0 CIMPYKMYPHUX napa-
Mempis, cepeo AKUX BUOITAIOMb MOBWUHY HEMACHIMHO20 NPOWLADKY.

Ilpobnema nonazae 8 momy, wjo moSWUHA NPOUAPKY 3A0AEMbCA IO YAC 8ULOMOBNIEHHA CHPYKIYPU | He MOice 3MIHIO-
samucs 8 npoyeci it pooomu. QOHuM i3 eapianmis poss sizanns yiei npoonemu € nepemuxayi Kiopi, sxi demoncmpyoms
MeMnepamypHo-3aiedlcHy 0OMIHHY 83A€MO0iI0 3A60SKU HAABHOCI PO30AGICHO20 MACHIMHO20 ULAPY, PO3MAUIOB8AHO20
scepeduni HemaeHimuoeo npowapky. Cmpyxmypu Fe(2)/Cr(0.4)/FeCr(0.8)/Cr(0.4)/Fe(2) 0obpe usueni; ons ux npooe-
MOHCIPOBAHO 3MIHY 3HAKY 0OMIHY 3a PAXYHOK HASPIBAHHSL I, AK HACTIOOK, 3MIHY MacHimoonopy. Lle mooce 6ymu 3pobieHo
WTIAXOM 308HIUHBO20 HASPIBANHS, AO0 HABIMb 3a PAXYHOK HASPIEAHHS J[HcOYTeaUM Meniom.

Y pobomi docrioxceno ennue mopghonoeii pozoasnenozco npouwiapky Feir.sCrsa.s Ha tioco maenimui énacmusocmi.
Tlokaszano, wo kracmepusayis NPOWAPKY NPU3E00UNL 00 3POCIAHHS QePOMASHIMHO20 BHECKY, NOSBU MAN0T nem.i 2ic-
mepesucy ma 3aiuuKo80i HaMacHIYeHOCMi, KA NOCMYN060 3MEHULYEMbCA 31 3POCMAHHAM MeMnepamypu i CHPUYUHAE
3MIHY memnepamypu ¢azo6o2o nepexody ecvoeo npoutapky Cr/FeCr/Cr. 3a nooarvuioco niosuujennsam memnepamypu
Kaacmepu nepexooams y CynepnapamacHimmuuii Cmat.

Mooicna 3pobumu 6UCHOB0K, W0 KIACMEPHi HeOOHOPIOHOCH BNIUBAIOMb HA MIJDCULAPOBY 0OMIHHY 83A€MO0il0: npu
HUBLKUX MeMNepamypax wiisxoM 6UHUKHEeHHs. npamol hepomacnimmoi 63aemoolii uepes hepomacnimui Knacmepu, npu
BULYUX MEMNEPamypax yepe3 6HecoK y HenpsaMull 00MiH 3a80AKuU nepexody Kiacmepie 00 CynepnapamacHimmiozo cmany,

a maxodic uepes 3MIUeH s MOYKU nepexody 6 napamaerimuutl cman ycvoeo npowapky Cr/FeCr/Cr.
Knrouosi cnosa: cninmporixa, cmpykmypHi 0egexmu, MaeHimHi 6a2amoumaposi niieKu.

Relevance of the problem. Interlayer
exchange coupling (IEC) in magnetic multilayers
is a crucial phenomenon underlying the Giant
Magnetoresistance (GMR) effect (Bruno, 1995).
The discovery of GMR played a pivotal role
in the development of modern electronics and
computing, enabling a revolutionary advance in the
miniaturization of data storage devices (Griinberg,
2008). Since then, spintronics has been regarded
as a highly promising research field, expected
to lead to new classes of devices characterized
by high speed, energy efficiency, and scalability.
These include advanced magnetic sensors, logic
elements, memory devices, and spin-torque nano-
oscillators (STNOs) (Khalili, 2024; Bhatti, 2017;
Apalkov, 2016; Dieny, 2020).

The IEC effect is based on the Ruderman—
Kittel-Kasuya—Yosida  (RKKY) interaction
(Kasuya, 1956; Yosida, 1957; Ruderman, 1954),
which couples adjacent magnetic layers separated
by a nonmagnetic spacer via conduction electrons.
The magnitude and sign of this exchange
interaction depend on structural parameters such as
layer thicknesses and interface quality. As a result,
the system can be engineered so that the magnetic
layers align either parallel or antiparallel.

Analysis of recent research and publications.
A challenge is that the exchange coupling can
typically be tuned only once, during fabrication.
An interesting possibility is the ability to control
the magnitude of the exchange coupling through
external stimuli, such as heating or current
application during device operation. Several
studies have addressed this topic. Curie switches
Fe/Cr/Fe Cr,_,/Cr/Fe have been well-studied,
demonstrating the possibility of controlling
exchange coupling via heating (Polishchuk, 2017).
Furthermore, switching these devices using current-
induced Joule heating has also been demonstrated
(Turchuk, 2023).

Aim of the study. It has been established that,
as in other multilayer systems, the magnitude and
sign of the exchange coupling depend strongly
on layer thicknesses, interface quality, and iron
concentration in the spacer layer. These structures
Fe/Cr/Fe Cr,_,/Cr/Fe must be carefully optimized
and fabricated with high structural quality.
Interestingly, the role of the spatial distribution
of iron within the spacer layer has not yet been
systematically investigated (Polishchuk, 2017).

Methodology and computational approach.
To study the effect of Fe;;sCrg,5 Spacer
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morphology on the magnetic properties of Cr/
Fe,; sCrg, s/Cr performed Monte Carlo simulations
on a three-dimensional cubic lattice comprising
30 x 30 x 12 monolayers (10* atomic sites).

Each lattice site is defined by a spin state S; = +1
and an atomic species 1, € {Fe, Cr}. To model the
thin-film geometry, periodic boundary conditions
were applied in the in-plane directions (x and y),
while open boundary conditions were imposed
along the out-of-plane direction (z).

The system’s magnetic energy was described
using the Ising Hamiltonian:

H=->J 58S —-uH
i

Sis (1

where the summation runs over nearest
neighbors, H is the external magnetic field,
and J. . is the exchange interaction integral.
Heisenberg Hamiltonian was also evaluated; it
significantly increased computational complexity
and complicated the parameter fitting process.
Consequently, the Ising Hamiltonian was
selected due to its phenomenological success,
which is fundamentally justified by the system’s
structural geometry z'and in-plane anisotropy
(Kozlov, 2025).

The exchange interaction constants were
physically justified and derived from the ratio of

the bulk magnetic ordering temperatures (the Néel
Cr
N_ o

T, .
+ ~0.3). Expressed in

TC

dimensionless units, the exchange parameters were

set to Jp.p. = 1.0 (ferromagnetic), Jo. ¢, = —0.3
(antiferromagnetic) and Jg. o, = —0.5 to properly
account for interface frustration.

Magnetic hysteresis loops were simulated using
the Metropolis algorithm:

and Curie temperatures,

(a)

AEzzs,,(J 2sj+H). )

Jjen(i)

The probability of spin flip on each step:

W (s, —>—s,)=min [l,exp(—%n. (3)

The total magnetization of the system is defined
as:

“4)

The external field was varied cyclically, with an
increased density of points near H = 0.

The magnetic susceptibility y was calculated
directly from the thermodynamic fluctuations of the
magnetization during the Monte Carlo sampling,
using the standard relation:

=~ (M=), )
T
where T is the temperature, and M is the total
magnetization of the system
I consider two types of structural morphology:
Homogeneous structure: characterized by
a completely uniform distribution of iron within
the FeCr layer. In the generated sample, iron
atom clusters have a mean linear size of 0.37 nm,

;= 0.07 nm and a maximum size of 0.77 nm.
Clustered structure: where

iron atoms

are distributed non-uniformly using a three-

dimensional Gaussian distribution (6) with
multiple centers (7):
F(x,y,z)=
:iexp _df(xaxk)-’_di(y:yk)-i-d;(Zazk) . (6)
k=1 26 ’

(b)

Si Substrate

3 Cr (AFM)
N Fe (FM)

Fig. 1. Visualization of the simulated magnetic lattice Fe/FeCr/Fe cut:
(a) A homogeneous structure with a uniform distribution of Fe atoms in the central FeCr spacer;
(b) A granular structure with a Gaussian spatial distribution of Fe atoms

5
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2
Nc — L i dactive ,
(o)

(7

where L denotes the linear system size in the
x and y directions, d,.;,. 1s the thickness of the
active layer along the z-axis, and ¢ the Gaussian
width parameter that determines the characteristic
correlation length of the generated field. The
coordinates (x;, y;, z;) of each center are uniformly
distributed within the system volume. Distances in
the x and y directions are calculated using periodic
boundary conditions. We use the precision control
to keep concentration of Fe equal to 17.5 %

Cluster sizes are estimated by the linear
dimension L = aN'?, where N is the number of iron
atoms forming the cluster and a = 0.25 nm is the
characteristic interatomic distance for iron.

* o = 2.5: mean cluster size of 1.42 nm,
o; = 0.53 nm, maximum size of 2 nm;

° G 5: mean cluster size of 0.77 nm,
o, = 0.389 nm, maximum size of 1.97 nm;

L) 10: mean cluster size of 0.48 nm,
c;=0.176 nm, maximum size of 1.3 nm

Presentation of the main research findings.
Magnetization loops for a homogeneous (Fig. 2, a)

Homogeneous structure
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structure show a transition from a metamagnetic
state displaying contributions from both
ferromagnetic (FM) and antiferromagnetic (AFM)
sublattice — to a paramagnetic state. In the case of
clusters (Fig. 2, b) a minor hysteresis loop appears
due to the contribution of iron clusters. This loop
gradually vanishes with increasing temperature,
shifting the transition from the metamagnetic to
the paramagnetic state to higher temperatures.
At the same time, a pronounced increase in
magnetic susceptibility is observed near zero
field, indicating that the iron clusters have entered
a superparamagnetic state (Fig. 2, b, T = 360 K).
The presence of a soft magnetic step near H = 0 in
the clustered system serves as a direct signature of
the unblocked superparamagnetic fraction. In these
systems, a direct proportionality is known to exist
between the IEC and the magnetic susceptibility
of the paramagnetic spacer in layered structures.
The appearance of paramagnetic centers strongly
influences the exchange between Fe layers through
Fe/FeCr/Fe.

Figure 3 shows the temperature dependence
of the magnetic susceptibility for different
morphological configurations. A comparison

Clustered structure
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-10 10 -10 0
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(b)

Fig. 2. Simulated magnetization loops for the (a) homogeneous
and (b) clustered spacer morphologies ¢ =5
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Fig. 3. Temperature dependence of the magnetic susceptibility + (at H ~ 0)

is presented between data for a homogeneous
distribution (squares) and cluster structures with
different parameters: 2.5 (triangles), 5.0 (circles),
and 10.0 (diamonds). Markers represent ¢ the
obtained data points, while solid lines show the
corresponding fitting results. The shaded area
(300 < T'< 400 K) corresponds to the Curie-switch
range. The inflection points of the susceptibility for
the Cr/Fe,; sCrg, 5/Cr structure strongly depend on
the clustering of the layer. We observe that minor
clustering (¢ = 10) does not significantly affect the
shiftin the Curie switching temperature. In the Curie
switching region, this clustered structure behaves
almost like a homogeneous one, with the only
difference being that its susceptibility is higher due
to the contribution of superparamagnetic particles.
As the particle size increases (¢ = 2.5, ¢ = 5), the
transition region shifts toward higher temperatures,
and both the number and the contribution of
superparamagnetic particles increase significantly.

Conclusions and Future Work. It can be
concluded that cluster-induced inhomogeneities
modify the effective exchange interaction in
several ways: by providing an additional channel of
direct ferromagnetic coupling at low temperatures;
by contributing to the effective indirect exchange
through thermally activated superparamagnetic
centers; and by shifting the transition temperature
to the paramagnetic phase in Cr/FeCr/Cr spacers.
As mentioned, the model is phenomenological; it
does not account for long-range order or the change
in the exchange interaction magnitude during the
phase transition. Nevertheless, it describes certain
features observed experimentally: the presence of a
small peak on the hysteresis loops (Kozlov, 2025),
the Curie-switch temperature (Polishchuk, 2017),
and several other phenomena that will be discussed
in future work, such as establishing a correlation
between the interlayer exchange interaction and the
magnetic susceptibility of the modeled structure.
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