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Abstract

Microstructure and hysteretic properties of magnetic multilayers were studied for Fe50Mn50/M structures, where M = Fel9Ni81,
Gd or Tb. Comparative analysis of the hysteresis loops measured for the temperature range 5+350 K showed that Gd is not
involved in the interlayer exchange coupling with antiferromagnetic Fe50Mn50 layer, while in the case of Tb definite indications
of such interaction were observed. It is assumed that a qualitative difference in the magnetic behavior of these rare earth layers

can be caused by differences in their structural features.
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1. Introdution

Sensor devises is important application of nanostructured magnetic materials (Dieny, 2004). It is focused on
functional magnetic materials with enhanced sensitivity. In some cases the presence of the unidirectional magnetic
anisotropy (exchange bias) is a key point of specialized electronic device. This anisotropy is most often implemented
in soft magnetic layers of multilayer films that are in the exchange coupling with antiferromagnetic layers. It
manifests itself in the shifting of the hysteresis loop along the magnetic field axis. A typical example of such films is
Fel9Ni81/Fe50Mn50 bilayers (Giri et al., 2011) or more complex film structures based on them (Chen et al., 2007).
The uniformity of the crystal structure of layered elements is very important in this case (Kim et al., 2009). At the
same time, magnetic properties of the multilayers containing Fe50Mn50 antiferromagnetic layer in contact with the
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layers of rare earth metals have barely been investigated. The specific of the electronic structure of these magnets
unlikely allows the realization of spin-dependent scattering of the conduction electrons in their case. However, the
indirect exchange interaction leads to a tendency of formation of complex magnetic structures in rare-earth metals
and their alloys. This feature together with the relatively low temperatures of magnetic ordering is the reason for the
search of new functional properties that can be implemented by varying the magnetic field and temperature in
exchange biased layered structures containing rare earth layers. This work is devoted to the comparative study of the
features of the exchange bias with 3d- and 4f-ferromagnetic layers in the multilayered structures containing
Fe50Mn50 antiferromagnetic layers. As representatives of the group of rare earth metals Gd and Tb were selected,
because they have the largest values of the Curie temperature and differ from each other from the point of view of
the features of magnetic anisotropy.

2. Samples preparation

Multilayered structures were deposited onto Corning glass substrates at ambient temperature by Orion 8
sputtering installation with five sputter sources. Background pressure was as high as 3 x 10”7 mbar and the argon
pressure during deposition was as high as 2 x 10 mbar. Multilayere films were formed by sequential sputtering of
homogeneous targets of pure metals (Gd, Tb) and alloys (FeNi, FeMn) in the presence of high-frequency bias
voltage applied to a substrate. A uniform magnetic field of 250 Oe oriented parallel to the substrate plane was also
applied during deposition. Electrical bias promoted the formation of homogeneous microstructure and technological
magnetic field specified the direction of the easy magnetization in the plane of the films (Gorkovenko et al., 2014).
A power of 200 W was applied to the target. Thicknesses of the layers were adjusted by setting the sputtering time
according to the deposition rates obtained previously by using Dektak-150 instrument. The deposition rates were in
the interval of 0.05 to 0.1 nm/sec for different materials. Samples had following multilayered structure:
Si0,/Ta(5)/Fel9Ni81(5 nm)/FeS0Mn50(20 nm)/M(40 nm)/Ta(5 nm). M means one of the metals: Fel9Ni81
(sample 1), Gd (sample 2), Tb (sample 3).

In multilayered structures, auxiliary Ta buffer layer and directly following Fel9Ni81 adjacent layers with the
same thickness of 5 nm played an important role in the microstructure formation. They created necessary conditions
for the formation of fcc crystalline structure in the FeS0MnS50 layer. It is considered that the probability for fcc
crystalline structure formation is higher for the deposition of FeS0Mn50 layer onto the surface of the layer with fcc
structure, for example onto the surface of permalloy layer. This fcc structure is required for formation of
antiferromagnetic properties of FeMn. (Chen et al., 2007). In addition, a contributing factor to enhance the magnetic
bias, in particular, due to the formation of crystalline texture, is the presence of a buffer layer of Ta, separating
permalloy from the substrate (Kim et al., 2009). Outer Ta layer plays a protective function.

The crystalline structure of the films was studied by X-ray diffraction (XRD) using Philips XPertPRO
diffractometer with the Cuko radiation source. The magnetic properties of the samples were measured by MPMS
XL7 EC magnetometer in the 5+350 K temperature range.

3. Results
3.1. Structure

Figure 1 shows the normalized diffractograms of the studied films. The main common feature observed in all
samples is the presence of the bright peak near 20 = 43.5° angle, which was identified as a (111) peak of fcc crystal
lattice of FeMn. The intensity of the (111) reflection was used for the normalization procedure for the intensity in
the each diffractogram. Note that the reflections from the other Fe50Mn50 crystal planes in the 20 range of 10 to 90
degrees were absent. This indicates the high level of the crystallographic texturing of FeMn layers. For the
Fe50Mn50 layers in all samples, quantitative analysis of the XRD profile gives the same lattice parameter values (a
= 0.360 nm) and crystallite size (13-18 nm) found by the Scherer formula (Patterson, 1939). It allows us to suggest
that magnetic properties of these layers are similar. Their main feature is an antiferromagnetic ordering.
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Fig.1. XRD spectra of Fe50Mn50/M multilayers with different M-layers: (a) - Fe19Ni81; (b) - Gd; (c) - Tb.

Other peaks that were present in the XRD spectra after analysis have been attributed to M-layers. They indicated
a significant difference in the structural state of permalloy and rare earth metals. The relatively narrow and intense
line near 26 = 44.3° for the sample 1 (Fig.1, a) was associated with fcc crystal lattice (a = 0.354 nm) of permalloy. It
indicates the presence of a strong crystalline (111) texture in permalloy layer. The average size of the crystallites in
this layer is about 35 nm. The XRD spectrum for sample 2 (Fig.1, b) near the 26 = 30° has few relatively weak
peaks that can be attributed to cubic and hexagonal phases of Gd. For the sample 3 only one diffraction peak near 20
= 30° was observed. It can be attributed to Tb hexagonal crystal lattice. Estimation of the average crystallite size
yields a value of about 13 nm for both rare earth metals.

3.2. Magnetic properties

The main objective of this work was to investigate the presence and effectiveness of exchange coupling between
the antiferromagnetic Fe50Mn50 layer and rare earth metals layers that are significantly differ from each other in the
magnetic anisotropy features (Vas’kovskiy et al., 2015). The main results were obtained from the analysis of
hysteresis loops m(H), measured along the easy magnetization axis at different temperatures 7. Comparative
evaluation of the features of such hysteresis loops for the samples 1 and 2 with M = Fel9Ni81 and M = Gd are
shown in Fig. 2. It can be seen that at room temperature (Fig.2, a) the shape of the hysteresis loop for sample 1 is a
stepped one. It is a superposition of hysteresis loops of the main layer and seed layer of permalloy. Both minor loops
are shifted along the magnetic field axis that indicates the presence of exchange coupling between ferromagnetic and
antiferromagnetic layers. Quantitative characteristics of interlayer interaction can be given through the exchange
bias field, which values constitute H.; and H., for permalloy layers with thicknesses of 40 and 5 nm, respectively.
With T decrease, exchange bias field both layers significantly increases. This is evidenced by a change of the
hysteresis loops (compare Fig.2, a, c¢) and the dependence H.i(T), Heo(7T), as shown in Fig. 3. Magnetic moments of
the different layers estimated from the corresponding minor hysteresis loops at T <300 K showed weak temperature
dependence (less than 10% for the interval under consideration). Thus, the temperature variation of the energy of
interaction for these layers with the magnetic field is small. This suggests that the main reason for temperature
changes in the exchange bias field is variation of exchange stiffness and magnetic anisotropy of the
antiferromagnetic layer.
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Fig.2. Hysteresis loops of the Fe50Mn50/M multilayers with M = Fel9Ni81 (a, ¢) u M = Gd (b, d), measured at different temperatures: a, b - 300;

c,d-150K.

For the sample 2 at room temperature only single-stage magnetization reversal was observed (Fig.2, b). The value
of this magnetization jump testifies that this magnetization reversal is connected only with the seed permalloy layer,
but the main Gd layer state is a paramagnetic. For this layer, magnetic ordering occurs at lower temperatures in the
range 250-300 K. This is reflected in the growth of the amplitude of the magnetization reversal and the emergence
of non-linear non-hysteretic plots in the m(H) dependences. They describe almost reversible Gd magnetization near
the Curie temperature. A further decrease of temperature leads to an intensive increase of the magnetic hysteresis in
the rare earth metal layer and the transformation of general hysteresis loop shape to the shape shown in Fig.2, d. The
distortions presented in the loop, reflect the fact of overlapping of minor loops of the two ferromagnetic layers. At
first glance it seems that both loops are shifted along the magnetic field axis as in the case of sample 1. However,
our estimates show that the behaviour is different.
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Fig.3. Temperature dependencies of exchange bias fields H (a) u He, (b) of the Fe50Mn50/M multilayers with different layers M: Fe19Ni81 -

curves 1; Gd - curve 2; Tb - curves 3.
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Fig.4. Selected parts of difference between the hysteresis loops Am(H) = mr(H) — m3o(H) for sample with M = Gd at temperatures of 250 K (a)
and 150 K (b)

Similar result were obtained at the other temperatures, except T < 50 K, where the coercive force of the seed
permalloy layer was too large for the correct application of this technique. It follows that most likely Gd layer had
no exchange bias, and therefore the exchange interaction between the Gd and Fe50Mn50 layer was absent. This
result is in agreement with results published by Hossu et al. (2008), where the Gd/FeMn interface did not induce
exchange bias in [FeMnl0nm/Gd4nm/(Co4nm/Gd4nm)4/FeMn10nm] multilayer. However the Fe50Mn50 layer
creates exchange bias for permalloy seed layer. Moreover, the He, field value for the sample 2 is much larger than
one for sample 1 (Fig.3, b). This fact can be considered as indirect evidence of the absence of interlayer exchange
coupling between the Gd and Fe50Mn50 layers. Lower He, values for the sample 1 were caused apparently by the
perturbing effect which exerted on the magnetic structure of the antiferromagnetic layer due to the magnetization
reversal of the main permalloy layer. Since Gd layer has not the interlayer exchange coupling with Fe50Mn50 layer
therefore Gd layer does not performed the appropriate action.

This result seems to be unusual, since it is known that in heterogeneous film structures, containing layers of Gd
and ferromagnetic 3d-metals or their alloys, there is a sufficiently strong interlayer exchange interaction
(Vas'kovskiy et al. (1999), Nagura et al. (2002), Altuncevahir et al. (2003), Kravtsov et al. (2009), Ranchal et al.
(2012), Barth et al. (2008)). This gives us a basis to consider a different reason for the absence of the exchange bias
in Gd layer. Hypothetically, it can be assumed that it is the relative long-range exchange of rare earth metals,
through which Gd can participate in an exchange interaction with both magnetic sub-systems of antiferromagnetic
Fe50Mn50. Thus, the resulting biasing effect can be hidden. This situation unlikely seems to be a reality, because if
so it should lead to a strong magnetic hysteresis in Gd layer.

Sample 3 contains Tb layer and at room temperature demonstrates magnetic properties similar to ones of the
sample 2. His hysteresis loop is formed by the seed permalloy layer because the rare earth metal is a paramagnetic
state (Fig.5, a). But in the low-temperature range Tb makes a significant contribution to the process of the sample
magnetization reversal. It consists of the appearance in hysteresis loops the high-field parts with relatively high
magnetic susceptibility. Initially (T = 200 K), they were non-hysteretic (Fig.5, b), but with a decrease of the
temperature change of the magnetic moment on the loop become irreversible. As a result, the hysteresis loop acquire
quite characteristic shape (Fig.5, ¢) which includes almost rectangular loop of the permalloy seed layer and rather
narrow inclined loop of the Tb main layer. It can be seen, that the general shape, is significantly differ from the
hysteresis loop of the sample 2. The reason for such a behavior is a local magnetic anisotropy of the Tb crystallites
(Nikitin, 1989).

Analysis of interlayer coupling in the sample 3, as in the previous case, was performed by allocation of selected
parts of minor hysteresis loops Tb layer. The only important difference was following: maso(H) dependence was
taken as a reference loop, i.e. the hysteresis loop measured at T = 250 K. It is caused by that the magnetic ordering
of Tb which occurs at lower temperatures than temperatures for magnetic ordering of Gd. A typical dependence of
Am(H) for the sample 3 is shown in Fig.5, d. As can be seen, that it shifted along the magnetic field axis, perhaps be
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Fig.5. Experimental (a, b, ¢) and calculated (d) hysteresis loops of the sample 3 with M = Tb at different temperatures: a - 300; b - 200; ¢ - 150; d
- 150 K.

due to the exchange coupling between ferromagnetic and antiferromagnetic layers. Fig.3, a (curve 3) shows selected
values of bias field H. of Tb layer with sharp increase of the magnetic bias with decreasing of the temperature.
However, the obtained results do not allow us to make clear conclusion about the origin of this shift, whether it is
due to the interlayer exchange coupling. Another possible reason for the magnetic bias can be a strong magnetic
hysteresis of Tb layer. Certain magnetic prehistory can also lead to a bias of the minor hysteresis loop. To resolve
this indeterminacy additional research is needed, including, for example, the magnetization reversal of samples in
sufficiently strong magnetic fields.

An argument in a favor of exchange nature of magnetic bias is related to the value of He, field of the sample 3
(Fig.3, b). It is higher than in the sample with permalloy, but lower than in the sample with Gd. The last
circumstance can be interpreted as the result of exchange effects of layer Tb on the antiferromagnetic layer. In this
case, the question arises about the reason for the qualitative difference of Tb and Gd as the parts involved into the
interlayer interaction with antiferromagnetic Fe50Mn50. It is possible that it is the consequence of the difference in
the structural state of rare earth metals, and in particular, structural non-homogeneities and multiphase structure of
Gd observed in the investigated samples.

4. Conclusions

Microstructure, and the interlayer interaction in magnetic multilayers with contacting ferromagnetic Fel9Ni81,
Gd or Tb layers, and antiferromagnetic Fe50Mn50 layer were investigated. Obtained experimental data and
modeling results confirm the established point of view on the presence of the effective exchange coupling in the
Fel9Ni81/Fe50Mn50 structure and do not show it in Gd/Fe50Mn50 multilayered structure. In the Tb/Fe50Mn50
structure the observed magnetic bias of rare earth metal layer most likely caused by the indicated interlayer
exchange coupling. It is assumed that the distinction between the different rare earth metals in the ability to take part
in the interlayer exchange coupling can be due to their structural features, and in particular, non-homogeneities and
multiphase structure of Gd.
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