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The magnetic properties of thin-film multilayers [Fe/Py]/FeMn/Py are investigated as a function of tempera-
ture and thickness of the antiferromagnetic FeMn spacer using SQUID magnetometry. The observed behavior 
differs substantially for the structures with 6 nm and 15 nm FeMn spacers. While the 15 nm FeMn structure ex-
hibits exchange pinning of both ferromagnetic layers in the entire measurement temperature interval from 5 to 
300 K, the 6 nm FeMn structure becomes exchange de-pinned in the vicinity of room temperature. The de-
pinned state is characterized by a single hysteresis loop centered at zero field and having enhanced magnetic 
coercivity. The observed properties are explained in terms of finite-size effects and possible ferromagnetic inter-
layer coupling through the thin antiferromagnetic spacer. 
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1. Introduction

Nanostructured antiferromagnets have been the subject 
of increased attention for use in spintronics owing to their 
rigidity to external magnetic fields, the absence of stray 
fields, and theoretically predicted strong spin transfer 
torque [1–3]. Traditionally thin-film antiferromagnets have 
been used for creating the exchange bias in such spintronic 
nanostructured elements as spin valves and magnetic tun-
nel junctions. The development of new and improved func-
tionalities of modern magnetoelectronic devices has ad-
vanced active research into nanostructured systems with 
improved exchange bias effect [1–9].  

Exchange bias effect in a ferro-antiferromagnetic 
(FM–AFM) bilayer is commonly observed as a field offset 
of the hysteresis loop, which is also known as exchange 
pinning. This unidirectional exchange anisotropy can be 
created by cooling the bilayer in a constant magnetic field 
from a temperature that exceeds the Néel temperature (TN) 

of AFM but is lower than the Curie temperature (TC) of 
FM, to an operating temperature T < TN [2, 3]. As a result, 
the hysteresis loop exhibits a field offset that is opposite to 
the direction of the magnetic field applied during the cooling. 
Such offset of the hysteresis loop is usually characterized by 
the exchange bias field Hb. With increasing temperature, 
Hb becomes zero at temperature T = Tb < TN, also known 
as the blocking temperature [3]. However, the FM–AFM bi-
layer may remain still exchange biased as evidenced 
through the enhanced coercivity at T < TN. The latter is 
another typical indication of an exchange-biased system.  

In the first theoretical models [1, 10], the exchange bias 
was considered to be a purely surface phenomenon: while 
the magnetization of FM could be rotated under applied 
magnetic field, the spin structure of AFM was assumed to 
remain unperturbed [1]. However, the later studies have 
demonstrated that the spin structure of AFM can be affect-
ed that can subsequently lead to changes in the exchange 
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bias [7–15]. Besides, during the rotation of the magnetiza-
tion of the FM layer, a spiral spin structure can form in the 
AFM layer [16, 17]. One of the intriguing questions is how 
the FM layers interact through an AFM layer in a 
FM/AFM/FM trilayer, which was addressed in a number of 
works [6, 12, 13, 18–24].  

In this work, the features of static magnetic properties 
caused by the interlayer coupling in FM1/AFM/FM2 struc-
tures with different AFM spacer thicknesses are studied. Our 
work, carried out on thin-film multilayers [Fe/Py]/FeMn/Py 
with the FeMn thickness t = 6 and 15 nm using detailed 
SQUID magnetometry at different temperatures, is aimed at 
filling the gaps in understanding the static magnetic proper-
ties of FM1/AFM/FM2 trilayers. Obtained results can be 
useful for engineering magnetic nanostructures for novel 
devices of antiferromagnetic spintronics. 

2. Samples and methods 

FM1/AFM/FM2 trilayers used in our experiments had 
the composition of [Fe(6)/Py(3)]/FeMn(t)/Py(5), where the 
layer thicknesses in nm are given in parenthesis, and FeMn 
and Py stand for Fe50Mn50 and Ni80Fe20 (permalloy) alloys, 
respectively. The Py(5) layer and the [Fe(6)/Py(3)] bilayer 
are the soft and hard ferromagnetic layers, respectively 
(hereafter Py and Fe*). The higher-coercive Fe is used to 
harden the soft Py material in Fe*. The Py(3) sublayer was 
needed to promote an fcc-texture at the [Fe/Py]–FeMn 
interface for the growth of the FeMn layer with desirable 
antiferromagnetic properties [25–27]. Since FeMn displays 
a strong thickness dependence due to finite-size effects, 
we have fabricated trilayers with different thicknesses of 
the FeMn spacer (t = 6 and 15 nm). Hereafter these sam-
ples will be referred to as FeMn6 and FeMn15, respective-
ly. The multilayers were deposited by dc magnetron sput-
tering (Orion, AJA Intern.) at room temperature. To induce 
a preferred magnetization direction, the samples were depos-
ited and subsequently annealed at 250 °C in the presence of 
a saturating continuous magnetic field applied in-plane. 

The magnetization measurements as a function of tem-
perature were performed using a SQUID magnetometer 
MPMS-XL5 Quantum Design, in the temperature range 
of 5–300 K, and in magnetic fields of up to 5 kOe applied 
in the film plane and parallel to the nominal axis of ex-
change bias (measurements were carried out at B. Verkin 
Institute for Low Temperature Physics and Engineering). 
Some additional checking magnetic measurements were 
performed at National Institute of Materials Physics (Bu-
charest, Romania). 

3. Experimental results 

Figure 1 shows typical magnetization M–H loops of a 
trilayer Fe*/FeMn(15 nm)/Py (sample FeMn15) at selected 
temperatures. These curves are non-symmetrical with re-
spect to both axes and each loop is a superposition of two 
minor hysteresis loops with distinctly different values of 

the exchange-bias field Hb and the coercive field Hc. Since 
the Fe* layer has almost 3 times higher magnetic moment 
than the one of the Py layer, the minor loop that is taller in 
height and has smaller Hb can be ascribed to Fe*. The other 
hysteresis loop, strongly field-shifted, belongs to the Py 
layer. Nonzero Hb and increased Hc both indicate that the 
two FM layers, Fe* and Py, are exchange pinned in the 
entire temperature interval of the measurements. With in-
creasing temperature, the total M–H curve preserves the 
same double-loop shape, although the coercivity and ex-
change-bias field of both minor loops decrease considera-
bly. The latter can be explained by the approaching of the 
blocking temperature of the FeMn(15 nm) spacer, which is 
expected to be higher than 300 K, as well as the Néel tem-
perature. To note, the minor loop of Py at 10 K has a verti-
cal brake, which results in a peculiar shape of the total 
M–H loop: whereas the negative-field part of the minor 
loop of Py is observed at the bottom, the positive-field part 
of the loop is at the top. This is because Hc of Py is sub-
stantially larger than that of Fe*, and importantly Hc > Hb 
for the Py layer.  

Figure 2 demonstrates M–H loops for a trilayer 
Fe*/FeMn(6 nm)/Py (sample FeMn6) at select tempera-
tures. In contrast to the FeMn15 sample, a double loop of 
FeMn6 at 10 K transforms into a single loop at T ≥ 160 K. 
Importantly, this single loop reveals a non-zero exchange 
bias field, Hb ≈ 25 Oe at T = 160 K. A single hysteresis 
loop in such trilayers, where Fe* and Py have intrinsically 
different coercive fields, is the indication of a relatively 
strong interlayer coupling between the outer FM layers, 
Fe* and Py, when the structure behaves like a single FM 
film. This coupling is mediated through the 6-nm FeMn 
layer that has quite strong antiferromagnetic order at lower 
temperatures indicated by non-zero Hb. A single loop is 
also observed at room temperature but now it loses its ex-
change offset, Hb = 0. This implies that the Fe* and Py lay-
ers remain coupled while the antiferromagnetic order in the 
FeMn spacer becomes considerably weaker. It is notewor-
thy that 6 nm is the critical thickness, when thin-film FeMn 
loses its strong anisotropic and AFM properties at room 
temperature as was shown in a series of reports [28–30]. 

Figure 3 shows a comparative analysis of hysteresis 
loops for the FeMn6 and FeMn15 samples at 10 K and 
290 K. In contrast to FeMn6, the FeMn15 structure has 
much stronger exchange-bias offset of the minor loops of 
both Fe* and Py, which is also preserved at room tempera-
ture. This can be explained by much stronger AFM order 
in the 15 nm FeMn spacer. The weaker antiferromagne-
tism of the 6 nm FeMn spacer can be ascribed to the finite-
size effect, when the thickness is not sufficiently large for 
building strong long-range AFM order.  

Due to the complex shape of the M–H loops, the values 
of Hc and Hb were determined using derivatives dM/dH, as 
shown in Fig. 4 for the FeMn15 structure at 290 K. Based 
on the center fields of the peaks in dM/dH(H) curves, one 
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can calculate the coercive field and exchange bias field of 
the Fe* (Hc1, Hb1) and Py (Hc2, Hb2) minor loops. The re-
sults of such data processing are shown in Fig. 5. 

The temperature dependences of the exchange bias Hb1 
and Hb2 exhibit pronounced differences for the FeMn6 and 
FeMn15 structures [Fig. 5(a)]. The most vivid difference 

Fig. 1. M–H curves for Fe*/FeMn(15 nm)/Py (sample FeMn15) 
obtained at different temperatures. 

Fig. 2. M–H curves for Fe*/FeMn(6 nm)/Py (sample FeMn6) 
obtained at different temperatures. 

Fig. 3. Normalized hysteresis loops obtained at 10 K (a) and 290 K (b). 
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is in Hb2 of the Py layer. Hb2 is non-zero in the entire tem-
perature interval for FeMn15, and is much larger than that 
for FeMn6 at lower temperatures. Since the Py layer is 
rather thin and soft FM, it is very sensitive to the exchange 
bias effect. This explains such a big difference in the Hb2 as 
due to much weaker exchange bias effect and subsequently 
weaker antiferromagnetism in the 6-nm FeMn layer. Re-
markably, for the FeMn6 structure, Hb2 abruptly drops down 

at ~ 60 K that manifests the onset of the coupling between 
the outer Py and Fe* layers at T > 60 K. Interestingly, the 
values of Hb1 are quite close for the two structures at low 
temperatures, but diverge considerably with increasing 
temperature that can be related to different properties of 
the 6 nm and 15 nm FeMn spacers. Less pronounced tem-
perature dependence for Hb1 can be explained by much 
larger magnetic moment of Fe* and hence lower sensitivity 
to the exchange bias effect.  

The multilayers were purposely designed to have fer-
romagnetic layers with different intrinsic coercivities — 
hard Fe* = [Fe/Py] (Hc1) and soft Py (Hc2). Intrinsically, 
Hc1 ~ 100 Oe > Hc2 ~ 5 Oe. However, for the actual 
Fe*/FeMn/Py trilayers, Hc1 < Hc2, which can be explained 
by very strong exchange bias effect on the thinner and 
softer Py layer from the FeMn spacer. As seen in Fig. 5(b), 
the inequality Hc1 < Hc2 holds in the whole temperature 
interval for FeMn15 and at low temperatures for FeMn6. 
At higher temperatures, the single M–H loop for FeMn6 
indicates a ferromagnetic coupling between the outer fer-
romagnetic layers, when the magnetization switching of 
the Fe* layer at Hc1 drives the switching of the Py layer. 

Conclusions 

For the FeMn6 sample, a single-loop hysteresis is ob-
served at around room temperature. In this temperature 
range, the exchange-bias field is relatively small (Hb ~ 0) 
but the coercivity is enhanced and exceeds that of the 
thick-spacer sample (FeMn15). This behavior is consistent 
with the spacer preserving partial AFM ordering while 
losing its magnetic anisotropy, whose value is not suffi-
cient for exchange pinning of ferromagnets at such an ele-
vated temperature. 

As the temperature is decreased, the single hysteresis 
loop develops a field offset, which indicates enhanced ani-
sotropy and, as a result, stiffening of the exchange pinning. 
At a certain temperature, the single loop splits into two 
minor loops and the behavior changes toward individual 
pinning of the Fe* and Py layers, with insignificant inter-
layer FM coupling. 

For thick AFM spacers (FeMn15 sample), the trilayer 
demonstrates relatively strong exchange pinning and neg-
ligible interlayer coupling, manifesting a strong exchange-
bias field and enhanced coercivity for both ferromagnetic 
layers at low temperatures. 
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Fig. 4. First derivate dM/dH for the FeMn15 sample at 290 K. 
Hb1,c1 and Hb2,c2 indicate exchange bias/coercive fields for the Fe* 
and Py layers, respectively.  

Fig. 5. Temperature dependences of Hb (a) and Hc (b). 
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Роль температурних та товщинних ефектів 
у формуванні магнітостатичних властивостей 

багатошарових плівкових структур 
[Fe/Py]/FeMn/Py 

D. M. Polishchuk, O. I. Nakonechna, 
Ya. M. Lytvynenko, V. Kuncser, Yu. O. Savina, 

V. O. Pashchenko, A. F. Kravets, A. I. Tovstolytkin,  
V. Korenivski 

Методами SQUID магнітометрії досліджено магнітні 
властивості тонкоплівкових багатошарових композицій 
[Fe/Py]/FeMn/Py як функції температури та товщини анти-
феромагнітного прошарку FeMn. Структури із різною тов-
щиною FeMn (6 нм та 15 нм) демонструють абсолютно різну 
поведінку. Матеріал, що містить антиферомагнітний прошарок 
FeMn товщиною 15 нм характеризується обмінним закріп-
ленням обох феромагнітних шарів у всьому температурному 
інтервалі вимірювань (5–300 К). Водночас, для композиції 
FeMn з товщиною 6 нм ознаки обмінного закріп-лення зни-
кають поблизу кімнатної температури, її поведінка характе-
ризується єдиною петлею гістерезису, що зосереджена навко-
ло нульового поля і має посилену магнітну коерцитивність. 
Спостережувані властивості пояснюються нанорозмірним 
ефектом та, можливо, феромагнітною міжшаровою взаємодією, 
що реалізується через тонкий антиферомагнітний прошарок. 

Ключові слова: антиферомагнітні наноструктури, міжшарова 
взаємодія, обмінний зсув, ефект магнітної 
близькості, магнітні багатошарові структури.
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