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Magnetic anisotropy of FE x NI 130_x nanotubes depending on their composition

Abstract: the article considers electrodeposition into porous polyethylene terephthalate matrices
as an effective method for obtaining ordered arrays of magnetic nanostructures. By varying the elec-
trolyte composition, it is easy to control the morphology and composition of nanowires/nanotubes,
which determines their structural and magnetic properties. Ferromagnetic nanotubes based on
nickel, iron, and their alloys have been synthesized in the pores of ion-track membranes. The com-
positions of electrolytes and synthesis conditions were determined, which makes it possible to obtain
the following nanotube compositions: Fe, FeggNiog, Fego Nigg, FeggNigg, Ni. A change in the
composition of nanotubes significantly affects their crystal structure: with an increase in the nickel
content, the lattice type transforms from bcee (characteristic of Fe) to fcc (characteristic of Ni), which
is accompanied by a significant change in structural parameters. The process of magnetization of
nanotube arrays depending on composition and crystal structure is analyzed, the main magnetic
parameters are determined. Consequently, the magnetization vectors lie randomly in the walls of
the pipe. Estimation of the main magnetic parameters from hysteresis loops measured in a magnetic
field directed along the tubes and in the perpendicular direction reveals a complex magnetization
process, including magnetization rotation and domain wall propagation.

Keywords: ferromagnetic nanotubes, 3d metals, template synthesis, crystal structure, magneti-
zation.
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Introduction. One-dimensional magnetic nanostructures made of pure metals and alloys are
being actively studied due to their specific surface properties, magnetic and optical properties,
which, due to their small size, differ from those of bulk materials. The largest number of studies is
devoted to iron-containing nanotubes, including iron-nickel and iron-cobalt alloys. One-dimensional
nanostructures based on these alloys can potentially have unique magnetic and electrical properties
[1], due to pronounced anisotropy of magnetic properties |2, 3|, creation of domain walls, etc. In
addition, having a low coercivity but a high magnetization value, iron-nickel nanotubes can be
widely used in biomedicine as magnetic drug and protein carriers [4, 5]. Arrays of ferromagnetic one-
dimensional nanostructures synthesized in porous templates can be used for high-density magnetic
memory, to produce shields against high-frequency radiation, and for logic and memory devices
based on domain walls [6, 7, 8]. Synthesized in polymer templates, such structures are of interest to
produce flexible electronics [9].

The magnetic anisotropy of ferromagnetic nanowires can be manipulated by controlling the crystal
structure [10], composition [11], and intrinsic exchange coupling [12]. In an external magnetic field,
these magnetic properties can be easily controlled, which opens new possibilities for the application
of such arrays.

The iron-nickel alloy demonstrates various physical characteristics when the atomic ratio changes
and is one of the universal soft magnetic materials with a wide application range. The magnetic
properties of homogeneous FeNi nanowires/nanotubes have been extensively studied [13, 14, 15].
However, there has not been carried out a systematic study of the influence of the composition of
FeNi nanotubes on magnetic properties yet.
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In our work, electrodeposition into porous polyethylene terephthalate matrices was used as an
effective method for obtaining ordered arrays of magnetic nanostructures. By varying the electrolyte
composition, it is easy to control the morphology and composition of nanowires/nanotubes, which
determines their structural and magnetic properties.

Materials and methods. The PET-based porous template formation features were considered
by us in [16], for the synthesis, membranes with parameters were used as templates: thickness 11.8 +
0.2 pm, irradiation fluence 4*107 c¢cm ~2 cathode layer 10 nm. The deposition was carried out in an
electrochemical cell by a two-electrode method in a potentiostatic mode from electrolytes based on
sulfate salts of iron and nickel in molar ratios of salts FeSO 4 x7H 5 O: NiSO 4x7H 5 O 1:1, 1:5, 1:10.
To maintain acidity, H3BO3 (45 g /1), C¢HgOg (3 g / 1) were added to the electrolytes, the
pH of the electrolyte was 3 at a temperature of 25 ° C and the deposition potential difference was
1.75 V. The morphology and composition of synthesized nanotubes were investigated by scanning
electron microscopy (SEM, Hitachi TM3030) and energy dispersion analysis (EDA, Bruker XFlash
MIN SVE). The internal diameters d of iron-nickel nanotubes for the entire series of compositions
were determined by the gas permeability method at an excess pressure of 8 - 20 kPa with a step of 4
kPa [17]. X-ray diffraction analysis was performed on a D8 ADVANCE ECO diffractometer (Bruker,
Germany) using CuK « radiation (v = 15.4060 nm). The diffraction patterns were recorded in the
angle range of 260 = 30-90° with a step of 0,02°. The BrukerAXSDIFFRAC.EVAv.4.2 software
with the international database ICDD PDF-2 was used to identify the phases. To measure magnetic
characteristics, the universal measuring system "Liquid Helium Free High Field Measurement System
(Cryogenic LTD, London, UK)" was used. Magnetic properties were examined in a magnetic field
B = 4+ 20,000 Oe at 300 K.

Results and discussion. A typical view of a nanotube array in a polymer template is shown in
Figure 1.

Ficure 1 — Typical SEM images of an array of synthesized nanotubes: cleavage (a); scanning orthogonally to the surface

(b)

The outer diameter of the synthesized NTs corresponds to the pore diameter of the template (D
=390 + 20 nm). The length was controlled by the deposition time on the chronoamperogram. The
average deposition time was 780 £ 10 s, during which NTs with a length of 10.5 + 0.3 pm were
formed to prevent the formation of a metal film on the surface. The obtained values were d = 180
+ 20 nm; therefore, the NT wall thickness was 90 + 20 nm. To determine the atomic composition,
the method of energy-dispersive analysis was used, the results are shown in Table 1.

X-ray diffraction analysis was carried out to determine the phase composition, as well as the
structural parameter of NT arrays. Figure 2 shows X-ray diffraction patterns of the synthesized
samples, Table 1 shows the phase composition of nanotubes.
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FiGURE 2 — X-ray diffraction patterns of the studied samples

As a result of processing X-ray diffraction patterns, the unit cell parameters and crystallite sizes
were determined. The crystal lattice parameter was calculated using the Nelson - Taylor extrapola-
tion function (1):

1 cos?0  cosh

=13 ) 1)

The distance of coherent X-ray scattering (approximately equal to a crystallite size) was calculated
according to the Scherer equation:

sind sind

_ B’%Ae (2)
cos
where ks = 0.9 is the dimensionless particle shape factor (Scherrer constant), A\ = 1.54 A is the
X-ray wavelength, S is the parameter of FWHM.
The volume fraction of the phase contribution was determined using equation (3):

RI, hase
Vadmisture = £ 3
admizture Iadmixture + RIphase ( )

I phase 1s the average integrated intensity of the main phase of the diffraction line, I gmizture 18
the average integrated intensity of the additional phase, R is the structural coefficient equal to 1.45.

An analysis of the diffraction patterns showed that nanotubes consisting of iron have a bcc lattice
with a unit cell parameter a = 2.8627 (Table 2). When iron is diluted with nickel to Fe concentrations
of 80% and 60%, bce remains the predominant phase, while with an increase in nickel concentration,
an increase in the crystal lattice parameter is observed up to 2.8794 A for Fe g0 Niog and further to
2.8854 A for Fe 60 Nig09. A decrease in the iron concentration to 40% leads to a rearrangement of
the crystal lattice and the predominance of the fcec phase, which is characteristic of nickel. A further
increase in the nickel content leads to an increase in the unit cell parameter to 3.5695 A for samples
with the Fe gy Nigg composition.

TaBLE 1 — Crystal structure of synthesized nanotubes

Crystal Crystal Average crystallite | Phase content At9m1c

Sample lattice type | lattice ter, A size, nm ratio, %
parameter, ’ Ni [ Fe | FeNi | Ni | Fe

Feg1Nig bee 2.8794 19 51821 13 |19 81
FegaNisg bee 2.8854 18 26|59 15 |38 62
Feg1Nizg fee 3.5195 13 68| 7| 25 |79 21

The volume fraction of the phases shows that the phase composition is close to the atomic ratio
specified and determined by the EDA method.
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In addition, for pure iron, the predominant crystallographic direction is (110), the severity of which
decreases with an increasing nickel content in the composition of nanotubes. At the same time, the
texture coefficient (111) of the nickel component increases simultaneously. The transformation of
the crystal structure with a change in composition occurs under the influence of the mechanism
of nanotube growth in the pores of polymer templates [10]|, which is the layer-by-layer formation
of nanotube walls, because of which the priority crystallographic direction becomes the direction
along their main axis for the predominant metal in the composition. This is also related to the
rearrangement of the crystal structure from bcc to fcc lattice with an increase in the nickel content
in the composition of nanotubes.

The field dependences of the magnetization obtained as a result of the measurement are shown
in Figure 3.
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Ficure 3 — Field dependences of the magnetization of arrays of iron-nickel nanotubes in the perpendicular (black solid line)
and parallel (red dotted line) directions of the magnetic field relative to the main axis of the nanotubes. The compositions
of nanotubes are signed directly on the figures)

The magnetic hysteresis loops measured for two magnetizing field directions (perpendicular and
parallel with respect to the NTs axis) are presented in Fig. 3 for different NTs composition. The

.. . .. . SO=M
characteristic magnetic parameters: coercivity and squarenesses ratio QMS 2 of remanence mag-

netization M, to saturation magnetization M, are found from the hysteresis loops (Fig. 3) and
presented in Table 2.

TABLE 2 — Basic magnetic characteristics of FeNi NT for parallel and perpendicular directions of the magnetic field

Composition HC’|| SQ” Hoy | SQ1
Oe Oe

Feg1Nijg 87 0,0605 | 42 0,0192

FegaNisg 41 0,0237 | 36 0,0162

Feyq Nirg 43 0,0325 | 53 0,0388

Studies of the magnetization of NT arrays showed that the behavior of hysteresis loops has the form
characteristic of ferromagnetic materials [18|. Previously, it was shown that magnetic nanotubes are
characterized by anisotropy of magnetic properties, mainly associated with shape anisotropy, which is
most characteristic of pure metals and alloys containing Ni [11], [19]. Such materials are characterized
by the orientation of the easy magnetization axis along the nanotube axis. For samples consisting
of alloys, anisotropy may not be pronounced [20], and with a high defectiveness of the structure and
small sizes of crystallites, domain walls, and vortexes can be observed [21], most often this effect is
observed in permalloys. The samples of FeNi nanotubes under consideration are characterized by a
low coercivity, in contrast to pure metals. For samples with a high iron concentration, the values of
the magnetic parameters for the direction of the magnetic field along the axis of the nanotubes are
several times larger than for the perpendicular one. For samples with a Fe content below 60%, no
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pronounced anisotropy is observed, and the coercivity differs insignificantly for both directions of
the magnetic field. This behavior of the magnetic parameters is associated with the predominance
of crystallographic anisotropy, which is characteristic of the fine-grained structure of nanotubes. In
addition, it is important to note that in these two compositions, the crystal structure is rearranged
from bce, which is characteristic of iron, to fcc, which is characteristic of nickel, which will affect the
magnetic characteristics of the NT.

Conclusion. A series of samples of nickel-iron alloy nanotubes were synthesized by electrodeposi-
tion in the pores of ion-track membranes made of polyethylene terephthalate using the potentiostatic
mode. The influence of the electrolyte composition on the resulting composition of nanotubes is de-
termined. A series of samples demonstrated the effect of deposition conditions on the structural
characteristics of the alloy. With a decrease in the iron content in the composition of nanotubes
below 60%, the crystal lattice is rearranged from bee (typical for Fe) to fee (typical for Ni), which is
associated with a change in the priority direction of crystallites. In accordance with the change in
the type of crystal lattice, the lattice parameter changes significantly. Changes in the composition of
the samples and the corresponding structural changes determine the specific features of the magnetic
properties of nanotube arrays. The coercive force and stockiness of the hysteresis loops for alloy
samples are significantly reduced compared to pure metals. The shape anisotropy is dominant in
all cases, while the crystalline anisotropy is randomly distributed. Consequently, the magnetization
vectors lie randomly in the walls of the pipe. Estimation of the main magnetic parameters from
hysteresis loops measured in a magnetic field directed along the tubes and in the perpendicular
direction reveals a complex magnetization process, including magnetization rotation and domain
wall propagation. The results of our work can be useful for the creation of composite materials with
oriented magnetic nanotubes, as well as sensitive elements of nano- and microelectronics.
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A.E. IITymckast
Kara mamepuandap rumuacs, uncmumyma, Beaapyco ¥FA, Munck, Beaapyco

FE x NI ;90— x HaHOTYTiKTepiHiH KypambiHa 6aiijlaHBICTHI MArHUTTIK aHU30TPOIIUSICHI

AnsHoTanus. VoHapIK-TpeKTI MeMOpaHaJap/blH KeyeKTepiH/e HUKeJb, TeMIp 2KoHe OJIapJIblH, KOPBITIIaJapbl Herisinie
deppoMaruuTTik HaHoTyTiKIneaep cunresneneni. Fe, Fe80ONi20, Fe60Ni40, Fe20Ni80 Ni HAHOTYTIKTIK KOMIIO3UIUSITIAPIBI AJIyFa
MYMKIHIK OepeTiH 3JIeKTPOJIMTTEP/IIH KyPaMbl MEH CHHTE3 JKafdaiyiapbl aHbIKTAJAbl. HaHOTYyTiKIeIep KypaMbIHBIH ©3repyi
OJIap/bIH KPUCTAJIbI KYPBIJIBIMBIHA aTapJIbIKTall 9Cep eTejli: HUKEJb MOJIIep] yiFaiifrad caliblH TOP TYpi JieHere GaFbITTAJIFaH
rekmeznen (Fe ymin Ton) Ger nentprik Texkmere (Ni ymin Ton) esrepeni, 6ys KypbUIBIMIBIK HapaMeTpJIEPAiH alTapJblKTaii
e3repyimen Gipre »Kypeai. HanoTyTikiesep MaccuUBTEpiHIH, MarHUTTeNy MpOIECi KypamMbl MEH KPHUCTAJIbl KypPbLIBIMbIHA
OailIaHbICThI TAJJAHIAbI, HETi3rl MarHUTTIK ITapamMerpjep aHbIKTaJabl. KypaMbl ME€H KPUCTAJbIH KYDBLIbIMbIHA Oail/IaHbICTHL
HAHOTYTIK MaCCHUBTEPIHIH MAarHUTTEJIy IIPOIEC TaJjfaHa/Ibl, HETi3ri MArHUTTIK mapamerpJiepi aHbIKTaJAbl. JleMek, MarHuTTesy
BEKTOpJIApbl KYOBID KabbIpraJiapblHa Ke3JeHCOK, KaTaabl. TyTikrep OOMBbIMEH *KoHE NEPIEHAUKYJISAD OarbITTa OGarbITTaIFaH
MAarHUT ©PICIHZE OJINIEHIeH I'MCTEPE3UC KOHTYPJIapblHAH HErisri MarHUTTIK mapaMeTpJiep/l Oarajiay MarHUTTEIYIIH aiHaJlybIH
2KOHE JIOMEH KaOBbIPFACBHIHBIH TapaJlyblH KAMTUTBIH KYpP/eJi MarHUTTELy [IPOILECIH KOpCeTe .

Tyiiin cespep: deppomaruuTTik HaHoTyTiKIIENEep, 3D Merangap, mabIOHABIK CHHTE3, KPUCTAJIABI KYPBHLUIbIM, MATHHTTEILY.

A.E. IITymckasn
Hremumym zumuu noswix mamepuanos, HAH Beaapycu, Munck, Beaapyco

Marnautnas anusorponusi FE x NI jgo_ x HaHOTPYGOK B 3aBUCHMOCTH OT MX COCTaBa

Anvoranmsi. B nopax HOHHO-TPEKOBBIX MeMOpaH CHHTE3UPOBAHBI (DEPPOMATHUTHBIE HAHOTPYOKH HA OCHOBE HUKEJId,
Keje3a M ux ciuiaBoB.  OImpenesieHbl COCTaBbI JIEKTPOJIUTOB, YCJIOBUS CUHTE3a, IIO3BOJISIIOIINAE IIOJIyYUTDH CJIEYIOLIHe
cocraBbl HaHOTPyOOk: Fe, Fe80Ni20, Fe60Ni40, Fe20Ni80, Ni. I3meHeHnue cocraBa HAHOTPYOOK CyIIECTBEHHO BJIUSIET
Ha UX KPUCTAJLUIMYECKYIO CTPYKTYDPY: C YyBEJIUYEHHUEM COJEPKAHUsI HUKEJIsI I[IPOUCXOIUT TpaHCHOpMAIUsl THUIA DPEIIeTKH
or OLK (xapakrepuoro mius Fe) k T'IIK (xapakrepromy must Ni), 4TO CONpPOBOXKIAETCS 3HAYUTEILHBIM H3MEHEHUEM
CTPYKTYPHBIX ITapamMerpoB. lIpoaHaJm3upoBaH MPOIECC HAMArHMYUBAHUS MaCCHBOB HAHOTPYOOK B 3aBHCHUMOCTH OT COCTaBa W
KPUCTAJIINYECKON CTPYKTYPBI, OIPEJE/IEHBl OCHOBHbIE MarHUTHBIE ITapaMeTpbl. lIpoaHaJn3npoBaH MPOIECC HAMATHUIUBAHIS
MaCCUBOB HAHOTPYOOK B 3aBUCHUMOCTA OT COCTaBa U KPHUCTAJUIMYECKON CTPYKTYDPBI, OIPEJeIeHbl OCHOBHBIE MATrHUTHBIE
napaMerpsl. Clie0BATEIbHO, BEKTOPHI HAMATHUYEHHOCTH JIEXKAT B CTEHKAX TPYObI ciaydaiiabiM obpaszoM. OleHKa OCHOBHBIX
MarHUTHBIX [IAPAMETPOB II0 METJISIM THUCTEPe3UCa, WU3MEPEHHbBIM B MArHUTHOM II0JIe, HAIIPABJIEHHOM BJOJIb TPYOOK M B
[EPIIEHIUKYJISIDHOM HAIIPABJIEHUH, BBISBJISAET CJIOXKHBINA IPOLECC HAMATHUYMBAHKS, BKIIIOYAIONUN BpallleHHe HAMAarHUIEHHOCTH
¥ PaCIpPOCTPAHEHME JIOMEHHBIX I'DAHMII.

KuaroueBbie ciioBa: deppoMarHuTHble HaHOTPYOKM, 3d-merasibl, MIaGJIOHHBIH CHHTE3, KPUCTAJIMYEeCKasi CTPYKTYpa,

HaMaromu4eHHOCTb.
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