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Investigation of properties of laminar antiferromagnetic nanostructures
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When creating products using magnetoresistive materials based on magnetic and non-magnetic metals, one is fo-
cused on achieving giant magnetoresistance. Such an effect, obtained at the turn of 1980—90-ies years of the last
century in superlattices, reached 10—80 % with the intensity of tens of KE at 4.5 K. By methods of physics of mag-
netic phenomena the regularities of interaction between ferromagnetics and antiferromagnetics, constituting alloys,
are determined for strengthening the design of spin valves. Insights into the formation of anisotropy in manganese
and permalloy bilayers are detailed. Differences of layer creation causally related to the thermomagnetic activation
mode of the process have been determined. The use of alloys in antiferromagnetic nanostructures can indeed lead
to the formation of unidirectional anisotropy with changing values of the exchange shift of the hysteresis loop. It has
been shown that nanostructures containing alloys exhibit improved magnetism and exchange interaction properties.
These results confirm the potential of alloys in creating materials with improved magnetic phenomena and possible
applications in various fields such as electronics and magnetic devices.
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Introduction

The phenomenon of giant magnetoresistance (GMR)
[1, 2] of magnetoresistive materials based on magnetic and
nonmagnetic metals ensures their relevance in the produc-
tion of nanoproducts [3]. GMR is a quantum mechanical
effect observed in thin metallic films consisting of alter-
nating ferromagnetic and conducting nonmagnetic layers.
The magnetoresistive effect is characterized by a magnitude
of 12—75 % large intensity in the saturation field H, [4].
According to the physical approach to the study of the state
of typical antiferromagnetics their transformation into
paramagnetics is a phase transition of the second kind. It is
characterized not only by the equality of isobaric potentials,
but also by the equality of entropies and volumes of phases
coexisting in equilibrium, i.e. by the absence of thermal ef-
fect of the process and volume change at the transformation
temperature. But there are varieties of these substances which
realize such transformation at temperatures not reaching the
values of the Neel point. In significant magnetic fields the
ordered arrangement of atomic spins is partially disturbed.
The consequence of this is that the dipole moments of sub-
lattices under their influence “line up” in parallel. The de-

pendence of the magnetization of the investigated substance
on the magnitude of the applied external field is determined
by the type of a particular structure and the orientation of
the field formation relative to the crystal axes. In some sam-
ples of antiferromagnetics anomalous behavior is observed
in the following parameters Antiferromagnetic alloys find
their application in the form of layers for parts of responsible
purpose. These can be layers applied to the surface of spin
valves. Another application of such alloys is the interaction of
ferromagnetics (FM) and antiferromagnetics (AF). For anti-
ferromagnetic alloys, it is a priority to study the regularities of
the phenomenon of directional anisotropy. Such anisotropy
is formed in the bilayers of such alloys and its study is the
most important task.

At the end of the last century, the spin valve [5], which is
a nanostructured structure in the form of layered compounds
of ferromagnetics and nonferromagnetics [6], was approved.
When the magnetic field H,, changes as a result of the in-
teraction of the layers, the magnetic hysteresis curve of the
bilayer shifts along the magnetic field axis.

The increase of magnetoresistance by 5—15 % and sen-
sitivity by 1—5 % explains the demand for spin valves in the
production of microelectronics products [7]. The prospect
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of using spin valves has increased the relevance of the de-
velopment of antiferromagnetics, so the search for antifer-
romagnetic materials that create the effect of unidirectional
anisotropy requires continuation. In spin valves, the fixing
layer is created by using double alloys including manganese,
such as FeMn, IrMn, NiMn, PtMn [6].

Alloy Fe;)Mny, is characterized by the ability to create
the field of hysteresis loop displacement, but has low corro-
sion resistance. Alloy Niy,Mny, is characterized by higher
characteristics with the prospect of their improvement by
annealing [6].

To improve the performance of layer interaction and is
proposed to use alloys Ni—Fe—Mn, in which the disadvan-
tages of previously used alloys are minimized.

Studies [8] confirm that solid solutions under certain
conditions exhibit antiferromagnetic properties and can
find application in spin valves to anchor the system due to
the emergence of antiferromagnetic phase [9]. The regulari-
ties and the ability to sustainably obtain the ternary phase
have not been sufficiently investigated, which explains the
relevance of antiferromagnetic materials for improving the
properties of magnetic nanostructures.

The aim of the present work is to investigate the prop-
erties of laminar antiferromagnetic nanostructures and to
optimize the processing regimes in the process of AF phase
preparation.

The set goal is achieved by solving the tasks:

1. Improved properties of FM and AF bilayers with
unidirectional anisotropy effect by optimizing pro-
cessing parameters.

2. Creation of films with antiferromagnetic monolayer
by optimizing the composition of components and
processing modes.

3. Optimization of parameters for creating manga-
nese/permalloy bilayers for the formation of anti-
ferromagnetic phase.

At processing temperatures above 300 °C, instead of
forming an antiferromagnetic phase, decomposition into a
manganese and permalloy phase occurs.

The present work details the formation of exchange in-
teraction in nanostructures with antiferromagnetic ternary
alloys, establishes the relationship between the structure and
properties of nanostructures, and determines the parameters
for creating spin valves with improved magnetic and magne-
toresistive characteristics.

Research methods and materials

The basis of the research was the detailing of the effect of
giant magnetoresistance, which is an order of magnitude high-
er than the effect of anisotropic magnetoresistance [10, 11].

Samples were produced by electron beam sputter-
ing on a high-vacuum Varian (USA) machine using the
MPS-4000-C6 (Ulvac) magnetron sputtering system. The
quality of magnetron sputtering was controlled by scanning
electron microscope.

We proceeded from the position that the HMS effect
manifests itself better when the transformation of neigh-
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boring magnetization layers into a parallel structure is ob-
served [12]. The inhomogeneity of the magnetic field and
crystal lattice destruction were also taken into account in
the experiments [13].

The effect of HMS was evaluated by the criterion of mag-
netoresistance in the field strength [14—16].

Materials for exchange displacement hysteresis loop

The efficiency of the exchange shift of the hysteresis loop

in the layers depends on the interface energy J,:
Jox = Hey " My * ey, (M

where M, is the saturation of the ferromagnet;

tem — layer thickness;

H,, — exchange displacement field of the hysteresis loop.

Thin-film structures with the effect of exchange displace-
ment of the hysteresis loop allow controlling the interfaces
[17=20]. Ferri/FM, AF/ferri and ferri/ferri ferromagnet-
ics have been investigated as representatives of layered sys-
tems. In the present study, the structures of transition metal
oxidized transition metal films were investigated Co—CoO,
Ni—NiO, Fe—FeO and Nig,Fe,,.

Co films are characterized by an increased shift of the
hysteresis loop [21], while Ni and Fe films are characte-
rized by a smaller shift [22].

One of the common AF systems is the Fe;,Mn,, system
[23]. This system has an exchange shift and is among the
most studied. The antiferromagnetic Ni,Mn, [24] has greater
corrosion resistance compared to Fe;,Mny, [25]. Nonmetallic
systems with exchangeable shear include sulfides, fluorides
and nitrides, of which the typical systems are FeS, FeF, and
MnF, , as well as the CrN system.

The FM/ferri (Fe,Nig, /TbCo [38], Fe,,Niz,DyCo,
Nig Fe,,TbFe and Fe /Fe;O,) or ferri/AF (Fe;O,/CoO
and Fe;0, / NiO) system are characterized by an increased
exchange shift, while the Fe;O,CoO (ferri/AF) system
is characterized by the largest shift (2.2 erg/cm? ) at
10 K [26].

Spin valves are characterized by increased magnetore-
sistance (5—15%) and high sensitivity (1-5)/E, which
expands the range of their use in production. Most often
antiferromagnetics with Neel temperature exceeding room
temperature, including manganese, are used. After ther-
momagnetic treatment the bilayer blocking temperature is
330 °C, which is higher than the Neel temperature.

The authors of the paper investigated permalloy/man-
ganese bilayers. In the course of their studies they showed
the conditions of unidirectional anisotropy in these layers.
It appears at annealing temperature values of 300 °C [27].
The work is devoted to the study of the same bilayers. In the
development of the previous work, the authors showed that
annealing allows the formation of an anchoring layer. In this
case, the magnetoresistance of such a layer will be 1 %. The
authors showed that unidirectional anisotropy can occur at
annealing with lower temperatures. In their work, the ani-
sotropy occurred at an annealing temperature of 235 °C.
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The maximum value of the exchange bias of the hysteresis
loop is achieved by a four-hour treatment at 290 °C. The
value of the displacement will be 285 E. For permalloy grains,
manganese diffusion occurs along their boundaries, resulting
in anisotropy with the appearance of AF phase.

In [13, 14], attempts to obtain thin films of composition
(Nig,Fe,y) x Mn,, resulted in the stratification of the systems
into permalloy and manganese.

Magnetron sputtering of substrates made of single crystal
sapphire (1012) Al,O4 and glass (Corning) was performed
in Aspire 150 machine in magnetic field at argon pressure
in the chamber — (2—4) x 10-7 Pa.

The parameters of the used apparatus in the process of
coating sputtering: the power of magnetron included in the
unit was 125 W, the pressure in the working chamber before
filling it with argon was 2.69 x 10~7 Pa; the value of pressure
in the working chamber during sputtering was 0.2 Pa; the
temperature of substrate heating was 24 * 3 °C; the value of
magnetic field strength was 114 E; the rotation frequency
of the substrate during sputtering was 11 rpm; the value of
gas purity was 99.8998 %. The results of the study are sum-
marized in the Table.

Vacuum sputtering speed
Spray material | Process speed, nm/min| Process speed, nm/s

Ta 2.83 0.06
NigoFeyo 3.35 0.07
CogoFeqo 2.9 0.06
Cu 7.24 0.12
(NigoFeg)soMnyg 4.14 0.06
(NigoFeg)soMngg 4.61 0.07
(NizgFego)soMnz, 4.24 0.82
(NizgFego)oMng, 3.92 0.08
FesoMnso 3.72 0.08

Sputtering at a rate of 5—10 nm/min was performed
in an Amod machine after annealing the substrate at a tem-
perature regime of 258 °C for a time of 1.5 hours.

The surface of the samples was cleaned by etching in the
RITU-VP-1 unit (Fig. 1).

The substrate was placed on the electrode. A voltage with
a frequency of 14.5 MHz was applied to the electrode. At
a temperature of 20 °C during a full technological cycle in
argon atmosphere etching of the sample Al,O/Ni,;Fe,;
(5nm) / Mn (50nm) / Ni,;Fe,; (30nm) / Ta (Snm), annealed
at 255 °C for a time of 4 h, at a rate of 1.5 nm/min was per-
formed.

The magnetic characteristics of the films were investi-
gated on a VSM-01 vibrating magne-tometer at room tem-
perature, comparing the results obtained with the reference
data.

Performance characteristics for the used AVM-1 mag-
netometer:

— mass of ferromagnetic - 0.5 x 10-¢ g — 50 mg.

— sensitivity — 10-6 eme;

— magnetic field strength — 0—25 kE;
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Fig. 1. Installation for ion-plasma etching
of experimental samples.

The structure of the compound (Nig,Fe,;),,Mng, has
been investigated in the IWV-2M atomic reactor. It was de-
termined that monochromatic neutrons have a wavelength A
equal to 1.529. The representativeness of the study was in-
creased by using a thermal neutron detector.

Results and discussion

The crystal and magnetic structures were investigated
using helium refrigeration. The stud-ies were carried out at
temperatures of 4.2—350 K. Quantitative analysis of neu-
tronograms was carried out using the program “Fullprof”.
The chemical composition was studied on FEI Inspect F
scanning electron microscope with EDAX spectrometer. The
composition of the films was found to be identical to that of
the target samples by X-ray microanalysis.

The AF fixing layer was created from FeMn and NiMn
dual alloys. With fusion NisyMny, has higher performance,
but annealing slightly reduces it.

The efficiency of exchange interaction in Ni—Fe—Mn
alloys increases. Thus in the Ni—Fe—Mn system the state of
unidirectional anisotropy can be acquired by solid solutions.

Ni—Fe—Mn alloy is in both ferro-, antiferro- and
paramagnetic states at room temperature. While the per-
malloy-manganese alloy (Nig,Fe,;),  Mn, exists only in
the paramagnetic state. For antiferromagnetic ordering,
the concentration of manganese must be greater than
0.50 atomic %.

The saturation capacity of M, of group 1 samples is de-
termined by the amount of exchangeable energy [28].

The hysteresis loops of the samples sputtered on the sap-
phire substrate are shown in Fig. 2.
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Fig. 2. Hysteresis loops of samples Al,O;/Ta
(5 nm) / NigyFe,, (20 nm) / (Nig,Fe,) ) Mng,
(50 nm)/Ta (5 nm) (/) and Al,O; / Ta
(5 nm) / NigyFe,, (20 nm) / (Ni,, Fe;,);,Mn,,
(50 nm) / Ta (5 nm) (2)

Unidirectional anisotropy does not occur if the block-
ing temperature of the bilayer is less than room temperature.
Influence The thickness of the AF layer (Ni,,Fe;;);,Mn,,
significantly affects the bilayer properties. This influence
was investigated using samples having a constant thickness
permalloy layer. The thickness of the layer was 10 nm. The
antiferromagnetic layer had a variable thickness. The thick-
ness of this antiferromagnetic layer varied already in quite
significant ranges, from 5 to 80 nm (Fig. 3).
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Fig. 3. Dependences of H,, (1) and H, (2) of AL,O5 /
Ta (5 nm) / NiFe (10 nm) / (Niy Fe;0)s,

Mn,, (#,r) / Ta (5 nm) nanostructures on
antiferromagnetic layer thickness, 7,

The results of the study have convergence with the data
obtained in the study. Similarly to this study, the required
thickness of the saturated layer is shown. The value of its
thickness should be 20 nm.

It can be seen from the source [29] that as the thickness of
the antiferromagnetic layer increases, the fraction of grains
affecting the exchange shear increases. Meiklejohn and Bean
describe the exchange shift by the expression:

Kar tar > Jex >
where K,p is the AF anisotropy constant;
t,r — AF thickness.
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The grain size distribution [30] is corrected by utilizing
the thermal activation capabilities [31, 32]. At low activity of
an antiferromagnetic, its grains are in the superparamagnetic
state with zero H,, and weak coercivity, and at high activity
the energy barrier increases.

Plots of dependence of the values of the parameters H,
and the ferromagnetic layer thick-ness parameter (ty;g.) for
samples at ty;g, = 5, 15, 20 nm can be seen from Fig. 4.
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Fig. 4. Dependences of H, (1) and H, (2) samples

glass /Ta (5 nm) / Nig Fe,, (tnir.) / (NizoFez0)s,
Mn,, (10 nm) / Ta (5 nm) on permalloy
thickness, #yg,

When the permalloy thickness increases in the range of
5—20 nm, H,, decreases in the range of 120—8.5 E, which
confirms the correctness of the statement about the begin-
ning of unidirectional anisotropy from the interfaces.

The graphs H,, H, in the nanostructure NigFe,, /
(Ni, Fes0);p Mny, (from the thickness of layers confirm
the correctness of the conclusions of the authors of
[13, 15] (Fig. 5).
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Fig. 5. Magnetic hysteresis loops of samples of Ta
(5 nm) / NigyFe,; (5 nm) / (Ni;,Fe;();,Mn,,
(10 nm) / Ta(5 nm) prepared on glass (/) and
sapphire (2) substrates
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Fig. 6. Diffractograms of samples of Ta (5 nm) / Nig,Fe,, (5 nm) / (Ni;Fe;);,Mn;, (10 nm) / Ta (5 nm) sprayed

on sapphire (@) and glass (b) substrates

The hysteresis loops are characterized by high coercivity
numerically equal to 55—58 E for sapphire and glass samples,
respectively.

X-ray diffraction studies of glass samples revealed an axial
texture <111>. The common structural peak for (111) Ni—
Fe—Mn and for (111) NiFe can be seen in Fig. 6.

For the occurrence of texture <111> and larger H,, it is
reasonable to use glass substrates with minimal roughness.
Parameters of thermomagnetic treatment of nanostructures
are investigated on a sample of glass/Ta (2 nm)/Nig,Fe,,
(5 nm) (Ni; Fe;));,Mn,, (10nm) / Coy,Fe,, (5nm) / Ta (5 nm).
Exchangeable shear occurs only when a buffer layer is created.

The hysteresis loops are shown in Fig. 7. The hysteresis
loop displacement parameters are related to the position-
ing of ferromagnetic and antiferromagnetic layers. In this
case, the value of the hysteresis loop shift A, is larger for the
FM/AF layer than for the AF/FM layer.

The hysteresis loop shift parameters in its lower part
are comparable to their value for the glass structure / Ta
(5 nm) / NigyFe,, (5 nm) (Ni, Fe;y)50Mny, (10 nm) / Ta( S nm).

M

S

H, E

Crosses highlight the centers of hysteresis loops, which
can be used to obtain quantitative values of H,, and H_ for
CoFe and NiFe layers.

The close values of H_, and H, for the interfaces are at-
tributed to the transformation of the double hysteresis loop
into a single symmetric loop due to the temperature rise in
the magnetic field at 210 °C in a time of 1 hr.

Analysis of the obtained data on volumetric diffusion
shows that at the investigated heat treatment regime man-
ganese diffusion is not carried out due to the magnetization
stability ac-quired during annealing.

The shear growth in the structure of NigFe,,/
(Ni,oFesp)30Mny, / CogyFe, after heat treatment promotes
the formation of <111> texture as a result of reorientation
of magnetic phenome-na at the layer interface.

The correlation between the AF layer type and the
H_, hysteresis loop displacement field is explained in
Fig. 8, where the H_, plots of samples of different com-
positions are compared, which shows that it varies within
145—-170 °C.

§j + t — +>
S -300 -200 100/ 0 100
/-0.5T1
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Fig. 7. Magnetic hysteresis loops of samples of glass / Ta (2 nm) / Nig,Fe,, (5 nm) / (Ni,, Fe;();,Mn,, (10 nm) /
CoyFe,, (5 nm) / Ta (5 nm): after sputtering (a), after annealing at 200 °C, 1 h (b). The crosses denote the
centers of partial hysteresis loops from which the I, and I, values were obtained for CoFe and NiFe layers.
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Fig. 8. Dependence of I, on temperature for different
types of AF.

The blocking temperature in samples from compound
Ni—Fe—Mn increases with increasing manganese con-
centration. It is less than the maximum Neel temperature
Ty = 235 °C for compound Ni—Fe—Mn of the same com-
position.

Thus for thin film systems, the size of the film layer de-
termines the blocking temperature, grain size, and the Neel
temperature.

It was determined that at a temperature of about 180 °C
the blocking is possessed by the sample with the AF of the
alloy (Ni, Fe;)),0Mng,. Thus, this temperature should be
considered as the maximum temperature for blocking of al-
loys Ni—Fe—Mn.

It is found that the magnitude of the hysteresis loop dis-
placement field and coercive force are subject to adjustment
by changing the substrate type, layer thickness and magnetic
processing temperature.

Conclusions

1. Unidirectional anisotropy in the FM/AF structure,
which contains AF ternary alloy Ni—Fe—Mn , results from
their exchange interaction.

2. Magnetic hysteresis curve of the AF layer in nanostruc-
tures NigyFe,, / (Ni; Fe;));,Mn;, is formed when the layer
thickness size is larger than 6 nm.

3. For the alloy (Ni, Fe,;),,Mng, with AF layer, a tem-
perature t,, =180 °C can be observed under certain con-
ditions. This temperature is observed at the thickness of
the AF layer ¢, = 20 nm, manganese fraction (x,;, ) up to
81 atomic %.

4. The use of glass as a substrate material makes it possible
to significantly increase H,, in the formation of nanostruc-
tured compounds of FM and AE The use of glass makes
it possible to increase H,, by six times compared to the sap-
phire substrate.

5. Spin valves after magnetic and thermal treatment of
the layered structure and hysteresis characteristic shift with
avalue of H, / H,,, is of interest to manufacturers. s
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