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The paper describes methods of forming three-layer structure based on thin films Ni, Fe and V and re-
search of the structure and phase composition of the obtained samples. The results of investigation magne-
toresistive properties of film systems Ni/V/Ni, Fe/V /Fe and their dependence on annealing tempera-
ture and thickness of the nonmagnetic layers are presented. Correlation of magnetoresistance properties
and structural-phase state of films and its components are established.
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1. INTRODUCTION

The development of modern nanoelectronics is close-
ly associated with the new technologies of memory
magnetic devices, intelligent sensors, etc. From the
standpoint of practical use of giant magnetoresistance
effect [1-5] it is important to find materials that will
provide the greatest possible value of magnetore-
sistance ratio (R — Rs) / R, (where R — resistance in an
external magnetic field, Rs - resistance at saturation).
The high level of minimizing film element requires
consideration of the manifestations of these different
kinds of size effects [6, 7]. This is due to the fact that
the size-limited cells, along with bulk electron scatter-
ing mechanisms have a significant role in the scatter-
ing of the sample surface, on the edge of the crystallite,
the interphase boundaries of impurity atoms. Thus, the
limitations of the geometric dimensions of the film
and /or crystalline grains lead to decreasing in the
mean free path of carrier’s electric current. In addition,
magnetic non-uniform film materials appear spin-
dependent scattering of electrons in antiparallel mag-
netic moments of individual ferromagnetic layers or
granules, or magnetic moments of impurity atoms. In
the heating process of film samples or the influence of
the magnetic field appear additional changes of the
mean free path of the carriers of electric current and
conductivity [8, 9]. The above shown phenomena are
manifested in the size dependence of many properties
and including magnetoresistance.

Nano-structures with spin valve and tunnel magne-
toresistive effects that may occur in weak magnetic
fields are of considerable practical interest.

The purpose of this paper was the investigation of
phase composition and the magnetoresistive properties
of three-layer film systems Ni (50) /V (dv) / Ni (10)/ S
and Fe (40)/V (dv)/ Fe (10)/ S and determination of
the size dependence of magnetoresistance (MR).

2. EXPERIMENTAL

Thin metal films Ni, Fe, and three-layer film sys-
tems Ni/ V/Ni, Fe/V/Fe were obtained by thermal

PACS numbers: 68.55.Jk, 72.15.Eb, 72.15.Lh, 72.15.Qm

evaporation in a vacuum of 10-3-10-4Pa. The amor-
phous plates were used as substrate for investigation
magnetoresistive properties. The evaporation three-
layer film systems were carried out layer by layer from
two evaporators on heated substrate (350-400 K).
Thicknesses of some layers were controlled in situ by
method of quartz resonator. The total thickness of film
systems was controlled by the interferometric method.
The samples were annealed in the temperature range
from 320 to 900 K.

Phase structural sample’s composition was investi-
gated with the help of TEM-125K.

The study of magnetoresistive properties was car-
ried at the room temperature in an alternating external
magnetic field induction from 0 to 600 mT. All meas-
urements were carried out at the three geometries:
parallel (the magnetic induction vector B and direction
of the current collinear); transverse (vector B lies in the
plane of the sample and perpendicular to the direction
of current); perpendicular (vector B perpendicular to
the plane of the sample and the direction of the cur-
rent).

3. RESULTS AND DISCUSSION
3.1 Film systems based on Ni and V

Phase diagram of Ni-V in the range of high temper-
atures is rather complex, and it is characterized by the
presence of intermediate phases. In conducted experi-
ments double-layer films based on Ni and V in the non-
annealed state had phase bce-V + fece-Ni (Fig. 1). The
lattice parameter ¢=0,303nm (film V) and
a =0,353 nm (film Ni), which is close to the lattice pa-
rameters of single-layer films and bulk samples of V
and Ni [10]. Note that grain size of film in the unan-
nealed state is 15-20 nm. Annealing at a temperature
T <700 K does not change the phase composition of
samples (Table 1), and does not cause recrystallization
process. There is a slight parallel in the lattice parame-
ter of Ni to the value a = 0,354 nm and a perpendicular
in the lattice parameter of V to the value a = 0,305 nm
in the annealed films state at a temperature of
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Fig.1 — Diffraction pattern (a, b) and crystalline structure (c, d) of film systemNi (45) / V (10) / Ni (20) /S annealedto 320 K (a, c)
and720 K (b, d). S — substrate. The value of thickness is in nm
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Table 1 — The interpretation of diffraction pattern for film system Ni(45)/V(10)/ Ni(20)/S

No After annealing to 320 K After annealing to 720 K
I a.u. dnri, nm | hkl phase a, nm 1, a.u. dpri, nm | hkl phase a, nm
1 VH 0,213 110 bee-V 0,301 VH 0,213 110 bee-V 0,301
2 VH 0,203 111 fee-Ni 0,352 VH 0,204 111 fee-Ni 0,353
3 m 0,177 200 fee-Ni 0,354 m 0,177 200 fee-Ni 0,354
4 1 0,152 200 bee-V 0,304 m 0,160 - VOx -
5 H 0,125 220 fee-Ni 0,352 m 0,131 - VOx -
6 H 0,107 311 fee-Ni 0,355 H 0,125 220 fee-Ni 0,352
7 m 0,081 331 fee-Ni 0,353 m 0,109 220 bee-V 0,308
8 m 0,107 311 fee-Ni 0,355
a(bee-V) = 0,303 nm; a(fee-Ni) = 0,353 nm a(bee-V) = 0,305nm; a (fee-Ni) = 0,354nm
ao(bce-V) = 0,304 nm; ao(fec-Ni) = 0,352 nm [10] ao(bee-V) = 0,304 nm; ao(fce-Ni) = 0,352 nm [10]

H — high, m — medium, 1 - low.

700 < T'< 800 K. For annealed samples based on Ni and
V, with increase in temperature to 7= 800-830 K, the
most part of the volume will occupy solid solution (Ni-
V), and fcc phase VOx is formed instead of Vanadium
layer [11, 12].

Further annealing in the temperature range of 850-
900 K stimulates the increase of termodiffusion of at oms
V in grain boundaries with their accumulation on the
outer surface Ni and in the bulk grains. Lattice parameter
solid solution (Ni-V) increases and strongly depends on
the concentration of vanadium. For the samples with the
concentration of = 20-25 at. % a = 0,350 nm [12].

For research of magnetoresistive effect all samples
of Ni (50 nm)/V(dv)/Ni(10nm)/S were obtained

under identical technological conditions. The results of
electron diffraction and electron microscopy confirm
that all samples have the phase composition of bece-
V + fece-Ni and the polycrystalline structure.

Experimental studies of magnetoresistive properties
of thin-film systems have shown that the non-annealed
samples, with a layer of vanadium <3 nm have aniso-
tropic magnetoresistance (AMR), and magnetoresistive
hysteresis loops similar to the corresponding single-
layer films of ferromagnetic metals (Ni, Fe). The value
of the longitudinal and transverse magnetoresistance
(MR) does not exceed 0.01-0.05 %. Annealing of these
samples at a temperature 7= 600-650 K is accompa-
nied by a slight increase of MR.

01014-2




PHASE COMPOSITION AND MAGNETORESISTIVE PROPERTIES...

The absolute values of MR unannealed samples
with a thickness of the nonmagnetic layer =3-
11 nm, an order of magnitude greater than previous,
and largely depend on the phase composition and con-
centration of the components of the system (Fig. 2). In
samples where it was possible to avoid the formation of
solid solution, MR increases with increasing annealing
temperature and for films annealed at 650 K is 0.2-
0.6 % of the longitudinal and 0.1-0.5 % of the perpen-
dicular MR.

Isotropy of the magnetoresistive properties (Fig. 2a,
b, c) is observed for film systems with the atomic con-
centration = 12-14 at. %. It appears to reduce the elec-
trical resistance in a magnetic field regardless of the
measurements geometry, which can be considered one
of the signs of giant magnetoresistance [1-5].

Oscillation of the exchange coupling between the
ferromagnetic layers is an important feature of magnet-
ic nanostructures. It depends on the thickness of the
nonmagnetic layer, which leads to oscillations of the
magnetic and magnetoresistive properties of the film
structures. The strength of coercivity (Hc) and the sat-
uration field (Hs) are the important characteristics that
give qualitative information on the behavior of the

AR/Rg, % AR/Rg,
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multilayer film systems in the process of magnetization
reversal. The magnetic field is required to complete
demagnetization of the sample (Bc) by analogy with Hc
and Hs, and the saturation induction (Bs) can be used
[9]. The results of the influence of the indirect exchange
between ferromagnetic layers of Ni on the value of the
coercive force of Ni (50 nm)/V (dv)/Ni (20 nm) are
shown in Fig. 3. Maximum induction demagnetization
Bc is observed at =3 nm and = 11 nm, which corre-
sponds to the maxim of the saturation induction Bs, i.e.
there is the antiferromagnetic coupling of ferromagne-
tic Ni layers in these film systems [1].

3.2 Film systems based on Fe and V

The system Fe-V is characterized by continuous
solubility in the liquid and solid states therefore it is
difficult to get the Fe (40 nm)/V (dv)/ Fe (10 nm) /S
system. The phase diagram Fe-V analysis showed that
there is a continuous series of solid solutions between
o-Fe and V at high temperatures. The formation of an
intermediate phase o (Fe-V) is possible at 1219 °C and
concentration of 48 % at. V. The existence region of the
phase expands when the temperature drops to 600 °C,
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Fig. 2 — Field dependence of MR at 7'= 320 K for the film system of Ni (45) / V (10) / Ni (10)/ S (a, b, ¢)
and Ni (35) / V (5) / Ni(25) / S (d, e, f). Measurement geometries: parallel (a, d), perpendicular (c, e) andtransverse (d, f)
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Fig. 3 - The dependence of the induction demagnetization (a) and saturation induction (B) from the thickness of the layer V of
films Ni (50) / V (dv) / Ni (10) unannealed (e) and annealed (A) at 650 K
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but there is no information about the phase stability in
the range of lower temperatures. Calculation of elec-
tron diffructions of film systems Fe / V/ Fe showed that
in nonannealed state the film systems have the compo-
sition of bee-Fe + bee — V (Fig. 4) and lattice parameters
of a(Fe) =0,287 nm and a(V) =0,301 nm. In annealed
samples at 720-650 K one blurred line FesO4 is graph-
ically recorded by electron, and phase composition cor-
responds to bcc-Fe +beec—V + FesOs (Table 2). The
crystal structure analysis of the samples shows its
nano dispersion in nonannealed state: average crystal-
lite size less than 5 nm. Annealing at 650-720 K leads
to minor recrystallization processes and average crys-
tallite size increases to 10 nm. Annealing at 650-720 K
leads to the formation of the becc of solid solution the
lattice parameter of which depends on the concentra-
tion of vanadium [13, 14].

In samples with < 10 nm the calculation pattern dif-
fraction did not show the presence of vanadium, lattice
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parameter a(Fe)=0,289 nm. In samples with = 10-
12 nm the calculation pattern diffraction showed that
the Fe lattice parameter did not change
a(Fe) = 0,287 nm, and vanadium lattice parameter
a(V) =0.301 nm. Annealing at 650 K did not change the
phase state and lattice parameters. The crystal struc-
ture analysis showed that all samples in the un-
annealed state nano-dispersed with an average crystal-
lite size of less than 5 nm. Annealing at a temperature
of 650-700 K leads to a slight recrystallization process-
es: it increases the average crystallite size of 5-10 nm
and a(Fe) = 0,287 nm, a(V) = 0.304 nm.

Isotropy of the magnetoresistive properties, which
appears to reduce the electrical resistance in a magne-
tic field, regardless of the geometry of the measure-
ments, is observed for three-layer film systems with the
atomic concentration =22-30% at. In systems with
layers < 2 nm field dependences of anisotropic (AMR)
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Fig. 4 — Diffraction pattern (a, b) and crystalline structure (c, d) of film system Fe(40)/V (10) / Fe (20) / S after condensation at
Ts =320 K (Ts — temperature of substrate) (a, ¢) and after annealing to 720 K (b, d)

Table 2 — The interpretation of diffraction pattern for film system Fe(40)/V(10)/Fe(20)/S

No After condensation to 320 K After annealing to 720 K
I, a.u. dhrl, nm hkl phase a, nm 1, a.u. dhrl, nm hkl phase a, nm
1 - - - - H 0,251 - Fes04 -
2 VH 0,213 110 bee-V 0,301 VH 0,214 110 bee-V 0,302
3 VH 0,201 110 bee-Fe 0,284 VH 0,203 110 bee-Fe 0,287
4 1 0,150 200 bee-V 0,300 1 0,152 200 bee-V 0,305
5 1 0,145 200 bee-Fe 0,290 m 0,152 - Fe304 -
6 1 0,123 211 bee-V 0,301 m 0,124 211 bee-V 0,304
a(bce-V) = 0,301 nm; a(bce-Fe) = 0,287 nm a(bee-V) = 0,304 nm; d(bce-Fe) = 0,287 nm
ao(bce-V) = 0,304 nm; ao(bee-Fe) = 0,287 nm [10] ao(bee-V) = 0,304 nm; ao(bee-Fe) = 0,287 nm [10]

H — high, m — medium, 1 - low.
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are similar to the films of Fe. In the sample with dv of 2
to 10 nm, the AR/ Rs (B) dependences for the longitu-
dinal and transversal MR are almost coincident, and
for some films, the longitudinal MR exceeds insignifi-
cantly size of the magnetoresistance in the transversal
geometry. The magnetoresistance value attains 0,11 %
for the sample Fe (40) / V (10) / Fe (20) / S at room tem-
perature in transverse geometry (Fig. 5), while AMR
not exceeding 0,01 % is observed for unannealed films.
Thus, the GMR effect seems to be realized in the
three-layer systems Fe (40)/V (dv)/Fe (10)/S and
Fe (40) / V (dv) / Fe (20) / S (= 2-14 nm). The presence of

J. NANO- ELECTRON. PHYS. 5, 01014 (2013)

a horizontal section on the dependence of AR/ Rs of
vector B shows the independent movement of the mag-
netic moments for the upper and lower layers [15]. The
GMR results in various scattering of two electron
groups different in spin orientation relative to the
magnetization direction of the magnetic structure that
scatters the electrons. [1]. Feature samples
Fe (40) / V (dv) / Fe (10) / S have the highest value of
MR corresponding transverse and perpendicular
geometry (0,12-0,14 %), whereas for the longitudinal
magnetoresistance geometry is 0,03-0,06 %, or even
less.
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Fig. 5-Field dependence of MR at 7=320K for
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the film systems Fe (40)/V (10)/Fe (20)/S (a),

Fe (40) / V (14) / Fe (20) / S(b) and Fe (40) / V (10) / Fe (10) / S (c). Transverse geometry

4. CONCLUSIONS

We have studied the structure-phase state and the
magnetoresistive properties of Ni (50) / V (dv) /Ni (10) /S
and Fe (40) / V (dv) / Fe (10)/ S three-layer film sys-
tems obtained by the condensation method. The carried
out investigations showed that in the unannealed
Fe (40) / V (10) /Fe (10) / S and
Ni (45) /V (10) /Ni (10) / S films the GMR effect is rea-
lized. Systems have isotropic magnetoresistance, they
promise to create a spin-valve structure. It is shown
that annealing systems in the 300-600 K temperature
range retain their structural and phase stability.

For the unannealed films Fe (40) / V (dv) / Fe (10)/ S
(=2-14nm) and the longitudinal magnetoresistive
effect is not observed. The unannealed samples
Ni (40) / V(dv) / Ni (10) /S with a layer of vanadium
< 3 nm have anisotropic magnetoresistance

The transition from the GMR to the AMR takes
place after three-layer film Ni (50) / V (dv) / Ni (10) /S
and Fe (40)/ V (dv) / Fe (10) / S annealing at 720 K.

This work is done in the framework of the state pro-
ject Noe0112U001381.

@®a30BuUil CKJIAJ TA MATHITOPE3UCTUBHI BJIACTUBOCTI INTIBKOBUX CHCTEM
Ha ocuosi @®epymy i Banagio ado Hikenro i Bananiro

T.M. I'puuanmosceka, B.B. Biouk, 1.I1. Bypuk, O.C. I'pumyk, JI.A. lemensa
Cymcoruli Oepocasruil yuisepcumem, Pumcorozo-Kopcarosa, 2, 40007 Cymu, Yipaina

¥V poGoTi HaBeIeHO METOANKY (POPMYBAHHS TPHUIIAPOBUX CTPYKTYP IIJIAXOM IIOIIAPOBOI KOHAEHCAIlIT Ha-
HopoaMipHuX IIiBOK Ni, Fe 1 V Ta mpoBeeno JOCTIIKeHHS CTPYKTYPH 1 a30BoOro CKJIAIy OTPUM aHUX 3pas-
KiB. PosrysgayTo mMaraitopesucTuBHI ByiactuBocTi mniBkoBux cucteM Ni/V / Ni, Fe /V/ Fe 1 ix 3asemxHicTh
BIJl TeMIIepaTypH BiIIAJIOBAHHS TA TOBIIWHY HEMAaTHITHOIO IIPOINAPKY. BCTaHOBIEHO KOPEJISINI0 MartiTo-
PE3UCTUBHOTO ePeKTy 3 CTPYKTYPHO-(PA30BUM CTAHOM ILJIIBKOBOI CHCTEMH Ta Ii CKJIATIOBUX.

Kirouosi cnosa: ®aszoswmit ckian, Tpuiraposi mwiiBkosi cucremu, Maruiroorip, PoamipHi 3as1esHOCTI.
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@®a30BbIl COCTAB U MATHUTOPE3UCTUBHLIE CBOICTBA IIEHOYHBIX CHUCTEM
Ha ocuoBe ®epymy u Banangusa niu Hukena u Banagusa

T.M. I'pruanosckas, B.B. Buouk, W.I1. Bypux, A.C. I'pumyxk, JI.A. llemensa

Cymcruii eocydapcmeennwili ynugepcumem, Pumcrozo-Kopcakrosa, 2, 40007 Cymbi, Yrkpaura

B paGore nmpuBenena meToguka (pOPMUPOBAHUS TPEXCIOMHBIX CTPYKTYP IIyTEM MOCIOMHOM KOHIIEHCAIIUN
HaHopasdMmepHbix mwieHoK Ni, Fe u V u mpoBemeno uccienoBanme CTpyKTYypHl U ha30BOTO cOCTaBa IOJIyYEH-
HBIX 00pasroB. PaccMoTpeHB MarHUTOPE3WCTUBHEBIE CBOMCTBA IIeHOYHBIX cucteM Ni/V/Ni, Fe/V /Fe u
WX 3aBHCHUMOCTB OT TEMIIEPATYPHI OTKUTA U TOJIIIUHBI HEMATHUTHOTO CJIOS. Y CTAHOBJIEHA KOPPEJIAIHSA Mar-
HUTOPE3UCTUBHOTO adphperTa co CTPYKTYPHO-()a30BBHIM COCTOSTHUEM ILIEHOYHOMN CUCTEMBI M €€ COCTABJISIONIUX.

KaroueBnie ciosa: Pasowri CocCTas, TpeXCHOﬁHLIe IIJIEHOYHBbIE CHUCTEMEI, MaI‘HI/ITOCOHpOTI/IBJIeHI/Ie, Paa-

MepHBbIe 3aBUCHUMOCTH.
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