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Phase composition and magnetoresistive effect (the longitudinal and transversal mag-
netoresistance (MC) have been studied in freshly condensed three-layer FeNi/Cu(Ag)/FeNi
films having dggy; of 10 to 50 nm, dCu,A of 1 to 15 nm within temperature range of 150
to 400 K. The giant magnetoresistance effect has been shown to be realized in the
unannealed three-layer films with a 8 to 15 nm thick non-magnetic interlayer. The tem-
perature dependences of the longitudinal and transversal MR have been studied. The
dependence of the magnetoresistance characteristic (AR/R,),,,, on the Cu and Ag interlayer
thickness for the FeNi/Cu(Ag)/FeNi films has been established to show two maxima.

WNsyuens! (pasoBbIii COCTAB W MATHUTOPE3UCTUBHBIN 9(PeKT (IpoaosbHOe UM IOoIlepeuHoe
MariuTOCOIIPOTUBJIEHUE (MQ)) CBEJKECKOHIeHCUPOBAHHBIX TPEeXCJIONHBIX IJICHOK
FeNi/Cu(Ag)/FeNi ¢ dpy = 10-50 mwMm, dCu,Ag =1-15 Bm B uHTepBaje Temueparyp 150—
400 K. TIokasaHo, YTO B HEOTOKJKEHHBIX TPEXCJOUHBIX MJEHKaX C TOJIUHOW HeMarHUTHOMN
npocioiiku 3—15 uM peanausyercd d(hp(PeKT I'MMaHTCKOTO MATHUTOCOIPOTUBJEHUSA. V3ydeHbl
3aBUCUMOCTU BeJUYUHBLI MPOLOJbHOro u momepeunoro MC or TemmnepaTypbl. ¥ CTaHOBJIEHO,
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UYTO 3aBUCHMOCTb BEJWUYMHBI MarHuToconpotusiaenus (AR/R)

waxe OT TOJIIIIUHBI IIPOCJIOEK Cu

u Ag zna nnenox FeNi/Cu(Ag)/FeNi numeer gBa maxkcumyma.

The recent interest in studies of multi-
layered systems is connected not only with
the continuous search for novel elemental
basis for microelectronics but also with a
possibility to draw from such studies impor-
tant fundamental information concerning
the interaction of conductivity electrons
with interfaces between materials differing
in physical characteristics. It is well known
that ferromagnetic layers of Fe, Co, Ni, and
alloys thereof, when divided by non-ferro-
magnetic metal layers such as Cu, Ag, Pt,
Cr, etc., can be involved into ferromagnetic
(FM) or antiferromagnetic (AFM) exchange
interaction, depending on the non-ferromag-
netic layer thickness. Hence, numerous
theoretical and experimental works was
aimed at studies of multilayer Co/Cu and
Fe/Cr films showing the giant magnetore-
sistance (GMR) effect. There are only few
works dealing with GMR in other systems,
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such as FeNi/Cu(Ag), Dy/Sc, although some
specific features are observable in those sys-
tems, too. In the first case, the absence of
hysteresis is possible while in the second
one, a high positive magnetoresistance
value [1]. The film system with ferromag-
netic layers FeggNigg (Permalloy 50H) is
still insufficiently studied in what concerns
the GMR. In this work, the crystal struc-
ture, phase composition and magnetoresis-
tive effect is studied for freshly condensed
three-layer FeNi/Cu(Ag)/FeNi films as well
as the dependence of magnetoresistance
(MR) on the temperature and the non-mag-
netic interlayer thickness.

The three-layer FeNi/Cu(Ag)/FeNi films
comprising 10 to 50 nm thick FeNi layers
and 1 to 20 nm thick Cu or Ag ones were
prepared in a VUP-5M vacuum unit (the
residual pressure 1074 Pa) using electron
beam sputtering (FeNi) and resistive evapo-
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Table. Elemental composition of Fej5-Nij 5
alloy.

Sample thickness, nm| Cgo, % Cni» %0
Bulk Feg 5-Nig 51.8 48.2
47 43.9 56.1

100 44 .4 55.6

110 47.7 52.3

120 47.1 52.9

ration (Cu, Ag). The bulk Permalloy 50H
was used as the initial material to deposit
FeNi layers. The films were deposited onto
glass substrates (for resistance and MR
measurements) and KBr cleaves (for struc-
ture investigations) at room temperature.
The layer thickness was controlled by the
deposition duration at a known condensa-
tion rate. To determine the condensation
rate, a series of single-layer FeNi, Cu, and
Ag films was prepared and the thickness
thereof was measured using a MII-4 inter-
ferometer with computerized system record-
ing the interference pattern [2]. To provide
the parallel orientation of easy magnetiza-
tion axes in ferromagnetic layers, the films
were deposited in an external magnetic field
at H =8 kA/m (100 Oe). To study the MR,
the sample geometry (as a 10£0.05 mm long
and 240.05 mm wide rectangular strip) was
provided using a special Nichrome foil
screen. The samples so prepared were trans-
ferred into a special setup providing an
ultra-high oil-free vacuum (1076 to 1077 Pa)
[1], since the measurements of MR and its
temperature dependence continued several
tens of hours and involved 4 or 5 heat-
ing/cooling cycles within 150 to 400 K tem-
perature range.

The electric resistance was measured
using the standard two-probe technique at
0.025 % relative error. The magnetoresis-
tance was determined using the known rela-
R p) is the resistance of a multilayer in the
magnetic field H; R,, the maximum multi-
layer resistance. Since the sample thickness
is not included in the formula, the MR de-
termination accuracy is defined by that of R
measurement. The film crystal structure
was studied using the transmission electron
microscopy (PEM-125 instrument) and the
phase composition, by electron diffraction.

In most cases, the condensed FeNi films
differ in composition from the initial alloy
(Permalloy 50H) due to fractionation [3].
That is why we have studied specially the
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Fig. 1.Microstructure (a) and electron diffrac-
tion pattern (b) of an unannealed three-layer
FeNi/Cu/FeNi film with dpgy; = 80 nm, dg, =
8 nm; electron diffraction pattern (c¢) of an
unannealed three-layer FeNi/Ag/iFeNi film with
dpen; = 20 nm, dAg = 5 nm.

chemical compositions on the initial alloy
and the films using an EDS energy disper-
sion spectrometer. The results obtained are
presented in Table. The initial material is
seen to correspond to 52 % Fe — 48 % Ni
(the measurement error being within
1.5 %). All unannealed films are polycrys-
talline ones with a very small grain size
(less than 5 nm). The electron microscopic
images of the films with Cu and Ag inter-
layers are similar to those of single-layer
FeNi alloy [4]. As an illustration, Figs. 1a,b
show the structure and electron diffraction
patterns for FeNi/Cu/FeNi at drgy =
30 nm, d¢, = 8 nm and for FeNi/Ag/FeNi at
dreni = 20 nm, dpg =5 nm. The freshly
condensed films contain the fecc phase with
the lattice parameter a of 0.359 to
0.361 nm. The bands corresponding to FeNi
and Cu are indistinguishable due to very
close interplane spacings (the lattice pa-
rameter for bulk Permalloy of the composi-
tion in question is @y = 0.8586 nm [5] while
for copper, ay = 0.3608 nm). In the electron
diffraction patterns of FeNi/Ag/FeNi films,
bands of the fec Ag phase (a = 0.408-
0.409 nm, ay = 0.4087 nm) and of fcc FeNi
alloy (Fig. 1lc).

The MR measurement results for the
three-layer films are shown in Fig. 2. For
unannealed FeNi/Cu(Ag)/FeNi films with
dpeni of 10 to 50 nm, dg, of 2 to 15 nm and
dAg of 4 to 15 nm, a decrease of the electric
resistance is observed in magnetic field, in-
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Fig. 2. Dependences of longitudinal (ll) and transversal (L) MR on the magnetic field strength H for
three-layer FeNi/Cu/FeNi (a, b, d) films with dry; = 15 nm, dg, = 8 nm (a); dpey; = 45 nm, d, = 8 nm
(b; dpenj = 40 nm, dg, = 1.5 nm (d) and FeNi/Ag/FeNi (c) dggy; = 20 nm, dAg =4 nm

dependent of the sample arrangement rela-
tive to the magnetic field induction lines
(Fig. 2a,b,c). This fact is a characteristic
sign of the GMR effect [6]. It is to note,
however, that only an AMR ((AR/Rg),4. =
0.02 to 0.1 %) is observed for films with a
silver interlayer when dpg is 1 to 8 nm. As
the dp, increases further, the film MR be-
haves similarly to that of films with copper
interlayer. For the films with dg, of 2 to
3 nm (Fig. 2d), a considerable difference be-
tween the longitudinal and transversal MR
values is typical, the latter exceeding the
former by a factor of 5 to 7. For the films
with dg, of 8 to 20 nm, the AR/Ry(H) de-
pendences for the longitudinal and transver-
sal MR are almost coincident, and for some
films, the longitudinal MR exceeds insigni-
ficantly the transversal one. The magnetore-
sistance value attains 1 % at room tempera-
ture, while AMR not exceeding 0.1 % is
observed for unannealed FeNi films. Thus,
the GMR effect seems to be realized in the
three-layer systems.

The GMR results from different scatter-
ing of two electron groups differing in spin
orientation relative to the magnetization di-
rection of the magnetic structure that scat-
ters the electrons [7]. In multilayers, the
interference of electron waves reflected
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from the outer and inner interfaces between
the magnetic and non-magnetic layers is
also known to contribute considerably to the
GMR [8].

It is to note that no magnetoresistive ef-
fect hysteresis is observed in the samples
with dpgynj of 10 to 25 nm (Fig. 2a,¢). In
this case, the magnetic saturation occurs in
a relatively strong field H > 1 kOe (the
saturation field was assumed to be the field
corresponding to 0.9(AR/Ry),,,, in the
AR/Ry(H) curve). The absence of hysteresis
may be associated as in [9] with the low
residual magnetization of the magnetic lay-
ers. For the samples with dpgyj of 25 to
50 nm, the magnetoresistive effect hystere-
sis (open loops) is observed independent of
the interlayer type and thickness (Fig. 2 b,d).
The saturation field is much lower in this
case, Hg~ 30 Oe. Perhaps this is associated
with different mechanisms of the film re-
magnetization.

The temperature dependences of longitu-
dinal and transversal MR have been studied
in the 150 to 400 K range for unannealed
three-layer FeNi/Cu(Ag)/FeNi films with
various non-magnetic interlayer thickness.
Fig. 3 shows the (AR/Ry),,,.(T) dependences
for longitudinal MR. For all the samples with
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FeNi/Ag/FeNi (b) films at various thickness of the non-magnetic interlayer.

1.5 to 15 nm thick copper interlayer, the
MR increases by a factor of 1.5 to 2 as the
temperature decreases from room value
down to 150 K (the AR rises and R drops).
In contrast to films with copper interlayer,
those with silver one (4 to 5 nm) show no
essential MR variations within the 150 to
250 K temperature range. As the silver inter-
layer thickness increases, the (AR/Rg),,,.(T)
dependences become similar to those for cop-
per-containing films. The (AR/Ry),,,.(T) de-
pendences for transversal MR are similar to
those for the longitudinal one.

In Fig. 4, presented are the dependences
of longitudinal MR ((AR/Ry),,,,) on the Cu
and Ag interlayer thickness. Those depend-
ences are oscillating and inelude two max-
ima resulting from the anti-parallel orienta-
tion of magnetization in adjacent layers.
Similar oscillations in ((AR/Rg),,..(d) were
observed for Co/Cu systems [10, 11]. The
(AR/Ry),,,,.(d) dependences for transversal
MR are similar to those for the longitudinal
one.

Thus, the results obtained have shown
that the GMR effect is realized in unan-
nealed three-layer FeNi/Cu(Ag)/FeNi films
having dpgy; of 10 to 50 nm, dg, of 2 to
15 nm and dg, of 4 to 15 nm. In all the
samples with copper interlayer, the MR in-
creases by a factor of 1.5 to 2 as the tem-
perature decreases down to 150 K. For the
films with 4 to 5 nm thick silver interlayer,
no essential MR variations have been ob-
served within the 150 to 250 K temperature
range. The dependences of longitudinal and
transversal (AR/Ry),,,,) on the Cu and Ag
interlayer thickness are oscillating and in-
clude two maxima resulting from the anti-
parallel orientation of magnetization in ad-
jacent layers.
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Fig. 4. Dependences of (DR/RO)max on the
thickness of silver (I) and copper (2) inter-
layer for FeNi/Cu(Ag)/FeNi films at T=300 K.
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CTpykTypa Ta MArHiTOOIIp CBiKOKOHIEHCOBAHUX
TpumapoBux mwiiBok FeNi/Cu(Ag)/FeNi

B.B.JIo600da, I0.A.lllkypdoda, B.A.Kpaséuenkro

Hocaimxeno GasoBuil CKJaJ Ta MaTHITOPeSUCTUBHUI edeKT (IIO3IOBMKHII Ta momepeuHunit
maraitoonip, MR) cBixoxongencosanux rpumaposux mriBox FeNi/Cu(Ag)/FeNi s dpyy; Bix
10 mo 50 uM, dCu,Ag Bim 1 mo 15 um y remmeparypuomy inrepsBaai 150—400 K. IToxasano,
10 B HEBiAIIAJeHMX TPUINAPOBMX ILIIBKAX 3 TOBINUHOK HEMAIHITHOIO IIPOIIAPKY Bix 3 1o
15 uM peanisyerbcs edeKT riraHTCHKOro marumiroomopy. JociaifkeHo 3aje’KHOCTI BeJIHMUYUHU
HO340BXKHBOI0 Ta mornepeunoro MR Bixg Temmeparypu. 3’sC0OBaHO, 1[0 3aJEKHICTL BEJIUYUHU
maraiToonopy (AR/R) Bix ToBmuuu npomapkis Cu ta Ag mas maisox FeNi/Cu(Ag)/FeNi
Ma€ IBa MAKCHMYMHU.
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