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ABSTRACT

Herein, the structural and magnetic properties of polycrystalline UL-X/Pt/Py/IrMn thin films were
studied to observe the role of an underlayer on the exchange bias properties. Thin films with Pt, Cu,
Au or Cr underlayers (UL-X) were deposited at room temperature by magnetron sputtering. The
structural properties of the samples were investigated to analyze the layer thicknesses, material
densities, interface roughnesses, and crystal structures of the samples. Magnetic characterization
measurements were performed to obtain the sign and the value of exchange bias properties in the
samples. The differences in the sign and the value of exchange bias effect in the samples with
different underlayers are mainly explained by discussing the effects of lattice parameters and growth
conditions. On this basis, one would expect that these results will help in designing new spintronic
devices.

Keywords: Magnetic multilayers, exchange bias, buffer layer, underlayer
1. INTRODUCTION

Ultrathin magnetic multilayers are elementary units in spintronics applications such as magnetic
random-access memories (MRAM), magnetic data storage devices, and magnetic sensors [1, 2]. For
these spintronic applications, the need for reliable, energy-efficient, robust, faster, versatile, rugged,
smaller, and non-volatile devices makes the wise design of multilayers more important.

Exchange bias (EB) is defined as the shift of hysteresis loops of a ferromagnetic (FM) layer when it is
in close contact with an antiferromagnetic (AF) layer [3]. In the research field of magnetic
multilayers, exchange-biased thin films with FM/AF layers have recently taken much notice [4-10].
Because the coercive field (Hc) values and the shift of hysteresis loops in FM layers can easily be
adjusted with structural changes [11, 12] with the help of the EB effect. In recent years, several works
have reported the interaction between the electrical current and the exchange-biased multilayers [4-7].
The value and the direction of the EB effect are very important for such kinds of work. Current or
voltage interaction with EB is remarkable because the magnetization can be controlled with low
energy consumption for highly efficient new generation devices through the current or voltage instead
of the external magnetic field [6]. Particularly, spin-orbit torque (SOT) is a promising method for
switching the magnetic properties in exchange-biased multilayers since SOT is generated simply by
passing an electric current through a heavy metal (HM) [5-7, 13-20]. The SOT method can be applied
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in EB structures as HM/FM/AF multilayers [6, 7, 21]. In such methods, the effective field can
strongly depend on the chosen HM layer, e.g., the usage of Ta or Pt can differ the sign of spin Hall
angle in the multilayers [22]. Apart from the HM, when creating a sample stack for such studies, a
layer that is called an underlayer (UL) (or seed layer or buffer layer) can be placed between the
substrate and the HM. The underlayers are used for reasons such as strengthening the crystal structure
of the system, ensuring good adhesion of the thin film to the substrate, or reducing the roughness
between the subsequent surfaces [12, 23]. Indeed, a UL can play a vital role in the stack by strongly
affecting not only the structural properties but also the magnetic properties [23-26].

In this paper, we analyze how the H¢ and exchange bias field (Hgg) parameters can be adjusted in
principle by varying the UL material under the HM/FM/AF stacks. The contribution of UL to the
magnetic properties was investigated by growing Pt, Cu, Au or Cr ULs under the sample systems
consisting of exchange-biased Pt/Py/IrMn multilayers. The first Pt in the stack is designed as an HM
but its usage as a UL is also analyzed. Our results with different ULs suggest that exchange bias
properties at the interface of FM/AF can be modified considerably through UL engineering, which has
a not to be underestimated indirect effect of UL on the interface of FM and AF layers.

2. EXPERIMENTAL DETAIL

In this article, four polycrystalline thin films with UL-X (5 nm)/ Pt (8 nm)/ Py(6 nm)/ IrMn(12 nm)/
Pt(3 nm) layers were grown on top of Si/SiO, substrates, as given in figure 1a, by using a six-gun
sputtering chamber. The dimensions of the used substrates were 5 x 10 x 0.5 mm. The difference
between the four samples was their ULs which were used between the substrates and HM. A 5nm of
Pt, Au, Cu or Cr layer was chosen as a UL-x in the stacks. It is aimed to make comparisons between
their functionalities as a UL for an exchange-biased magnetic multilayer. To define the samples in the
article easily, they are shortly named by using their UL types as UL-Pt, UL-Au, UL-Cu and UL-Cr.
The additional presence of 8 nm Pt after the UL-Xs in all samples is because Pt typically promotes in-
plane anisotropy during the growth of the FM layer [22]. The top Pt capping layers are used in the
stacks to protect the stacks from outer oxidation.

Ferromagnetic Py and antiferromagnetic IrMn in the study were grown from NigyFeyo and Iry,Mng
alloyed targets, respectively. The thickness values of both Py and IrMn were chosen after several
preliminary trials until a significant EB effect was observed at RT. Then the samples of this study
were grown with these nominal values. IrMn has a Néel temperature much higher than the RT [27,
28]. This helps to provide good magnetic and thermal stability during the exchange interaction of FM/
AF.

The top schematic view drawing of the substrate position and the relative target gun positions in the
sputter chamber was given in figure 1b. During the depositions, the substrate positions to the targets
has been kept constant, and their long sides were perpendicular to the projection of the growth
direction of Py.

The base pressure of the chamber was about 10°® mbar before the depositions of each sample. During

the sputtering, Ar pressure was kept around 10 mbar. To avoid any thermal interdiffusion at the
FM/AF interface, samples were deposited at RT.

218



Journal of Scientific Reports

Oztiirk, M., Journal of Scientific Reports-A, Number 50, 217-227, September 2022.

For the structural characterization of the samples, X-Ray Reflectivity (XRR) and X-ray diffraction
(XRD) measurements have been performed by Rigaku Smartlab and Bruker D8 Advance X-Ray
diffractometers, respectively. The magnetic properties of the samples were recorded by using a
homemade magnetooptical Kerr effect (MOKE) measurement setup [29]. This homemade MOKE
system consists of a He-Ne laser with a wavelength of 632.8 nm and an electromagnet that applies
magnetic fields up to 1.6 Tesla. During MOKE measurements, the applied magnetic field angle was
varied along the film plane. The azimuthal angle (®4) given in figure 1c has been varied but the polar
angle (6y) has always been kept constant. This measurement geometry corresponds to the so-called
longitudinal MOKE (LMOKE) geometry. Here, the angle @=0° was determined before the sample
growth with the expectation that the easy axis of the ferromagnetic layer is parallel to the long side of
the samples. All magnetic measurements of this article are performed at RT.

Layer thicknesses of the samples were controlled by the deposition time after having a careful growth
rate calibration. The growth rate was determined as a result of the analysis of the XRR measurements
of thick preliminary samples prepared before this study.

a) (~hEom b o™ ) z
IrMn (12 nm) y
Pt (8 nm) Sample- .
UL-x (5 nm) _/
Substrate IrMn®—®Py |

Figure 1. Schematic drawing of (a) the grown sample stack, (b) the gun positions in the sputter
chamber and (c) magnetic property measurement geometry of samples. Here in (c), H defines the
applied magnetic field to the sample and @ defines the angle that the xy projection of the applied

magnetic field makes with the x-axis.

3. RESULTS AND DISCUSSION

Figure 2a shows the XRD patterns of the polycrystalline samples. From the XRD patterns, the peaks
at 206 = 39.8° and 38.1° can be attributed to Pt (111) and Au (111) textures, respectively. From the
XRD patterns in figure 2a, it can be seen that all the samples show a remarkable fcc Pt (111) texture.
Almost all Pt (111) peaks are shifted compared to the bulk materials, which are thought to result from
mechanically induced strain during deposition. The lattice constant of a bulk Pt (111) reflection is
known as 3.92 A. The calculated lattice constant from the Pt (111) layers is found 3.90 + 0.01 A, 3.92
+ 0.01 A, 3.87 £ 0.01 A and 3.88 + 0.01 A for UL-Pt, UL-Au, UL-Cu and UL-Cr samples,
respectively. XRD measurements have been performed between 26 =20° and 26 =85°. No
crystalline peaks for NiFe, IrMn, Cu and Cr textures are observable in the samples. Additionally, XRR
measurements have been performed for the samples to characterize their thicknesses and interface
roughnesses. The XRR data and theoretical simulation results for the samples are shown in figure 2b.
Simulations were made by using Commercial Rigaku GlobalFit software. The data obtained by the
simulations are compatible with the nominal values of the films and are given in Table I. Since the
thicknesses of all layers in the samples are the same, the peak positions in the graphs seemed very
similar especially up to 26=2°. It shows a consistency between the growth processes of all samples.
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From the simulation data, it is calculated that the roughness values in the sample are relatively large.
Since all elements used in sputtering systems can form alloys, these roughness values can be
attributed to the interdiffusion of sputtered materials [30].
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Figure 2. XRD patterns for the samples (a). The XRR data and theoretical simulation of the samples
(b). Here in (b), open circles represent reflectivity data and lines indicate the fit of simulation data.

Table I. XRR simulation parameters for the samples.

Laver Density Thickness [nm] Roughness [nm]
Ye' [g/em3] UL-Pt  UL-Au UL-Cr UL-Cu UL-Pt UL-Au UL-Cr UL-Cu
Si
S100> 233 - - - - - - - -
Si0O, 2.64 500 500 500 500 0.81 0.393 0.92 1.046
Au:19.3 5.51 1.47
o
Cr:
ULx oo - 5.76 - 0.94
Cu:
8.96 5.235 1.78
Pt 21.10 13.48 859 7.84 816 025 175 164 1.71
NisoFe g69  6.33 626 597 6375 0% 087 036 023
20
I2MN 579 1107 1200 1186 1193 122 148 182 188
78
Pt 21.10 3.21 298 2588 3235 142 159 1.79 1.83

Figure 3a-d shows the LMOKE hysteresis loops measurements at angles @y= 0°, 90° and 180° for
UL-Pt, UL-Au, UL-Cu and UL-Cr samples, respectively. As expected, @4= 0° and 180° seem to be
the easy axis for all samples from their square-like hysteresis loops and @&p= 90° seem to be the hard
axis for all samples from their S-shaped hysteresis loops at that angle.

220



Journal of Scientific Reports

Oztiirk, M., Journal of Scientific Reports-A, Number 50, 217-227, September 2022.

Hc=32 Oe -05 Hc= 34 Oe
Hgg=+ 8 Oe .-"J’ F Heg=- 36 Oe
UL-Cu 1.0 SRR SI T g er uL-Cr
150 100 -50 0 50 100 150 150 100 -50 0 50 100 150
H (Oe) H (Ce)

Figure 3. L-MOKE measurement results of (a) UL-Pt sample, (b) UL-Au sample, (b) UL-Cu sample
and (c) UL-Cr sample.

It is noticeable from the &= 0° angle measurements (solid squared dots) of figure 3a-d that the
hysteresis loop shift value, which means Hgg, is larger in the UL-Cr sample than in the other samples.
Moreover, the shift direction is to the negative values in the UL-Cr sample while the shift directions
of UL-Pt, UL-Au and UL-Cu samples are to the positive values. These values were drawn in figure 4a
to make a comparison between them. The coercive field (Hc) values varied from 40 Oe to 30 Oe
depending on the type of UL. Exchange bias values (Hgg) are very low for the UL-Pt, UL-Au and UL-
Cu which are +5, +17 and + 8 Oe, respectively. However, UL-Cr has a larger Heg value of -36 Oe and
indicates a negative shift. Positive or negative values of Hgg in these results indicate a positive or a
negative shift with respect to the reference axis (@y= 0°) used in the measurements.
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Figure 4. The comparisons of (a) Hc & Hgg values and (b) Mg, ratios of the samples.

A UL can alter the crystal orientation, texture, microstructure, stress, or roughness in the layers of the
stack. All these changes affect the total anisotropy of the ferromagnetic layer. Figure 4b is given to
discuss the anisotropic behavior of samples. In the figure, Mg defines the remanent magnetization
value and Mg defines the saturation magnetization value. Mg/Ms values at &= 0° are very close to
each other for all samples and numerically the values are 0.95, 0.87, 0.90 and 0.92 for UL-Pt, UL-Au,
UL-Cr and UL-Cu, respectively. At &4= 90°, Mg/Ms values are very different. They are 0.20, 0.51,
0.50 and 0.35 for UL-Pt, UL-Au, UL-Cr and UL-Cu, respectively. Mgr/Ms values were also measured
at other intermediate angles (not presented in the figures), and their results were found between these
values. It can be concluded that all samples have easy axes at @y= 0° and 180° and hard axes at ®y=
90° and 270° as expected. Mg.oo/ Mg_goe gives the remanent values rates of samples between their easy
and hard axis. Among the samples, the UL-Pt sample has the highest value (4.75) which means that
the UL-Pt sample is highly anisotropic compared to the other samples. The UL-Au sample has the
lowest rate (1.74).

From the magnetic measurements, four distinct results of UL can be discussed. The varying ULs
caused variations in (i) coercive field values, (ii) exchange bias values, (iii) exchange bias sign and
(iv) magnetic anisotropies. The reasons for these differences in this study can be attributed to two
main factors related to ULs. The first one is the UL’s lattice parameters and crystalline structures, and
the second one is the growth conditions. Bulk Pt (111) has a lattice parameter of 3.92 A with a cubic
close-packed (ccp) structure. Similarly, bulk Cu (111) and Au (111) have lattice parameters of 3.61
A and 4.08 A, respectively, with again ccp structures. However, Cr has a smaller lattice parameter of
2.91 A with a body-centered cubic (bcc) structure. FM Py layer of the samples has the face-centered
cubic (fce) crystal structure with a lattice parameter of approximately 3.55 A (for NigFey [31]). After
5 nm ULs, the samples have 8 nm Pt layers. When the UL and Pt layer consistency of the samples are
compared numerically in terms of lattice constants, it can be calculated that this ratio is 92% in the
UL-Cu sample, 96% in the UL-Au sample and 75% in the UL-Cr sample. Cu, Au and Pt have similar
kinds of crystal structures and have good lattice matches with high rates. UL-Cr sample has a lattice
match with a lower rate, and it revealed significant differences in Hc and Hgg values. UL-Cr sample
also caused a change in the direction of the EB effect and reduced the anisotropic character of the
sample. For the UL-Pt and UL-Cu samples, the lattice match may be considered to explain the
observation of similar magnetic properties. The only significant difference between the magnetic
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properties of UL-Pt and UL-Cu samples was the presence of the highly anisotropic character of the
UL-Pt sample. One can attribute this slight difference to their slight lattice mismatch. However, the
results of the UL-Au sample do not have an agreement with this approach. Because, although there
was a much better lattice match between UL-Pt and UL-Au samples (96%), they did not present
similar results in terms of magnetic anisotropies, and Hc and Hgg values.

a) ¢ b) ), d)
— — — =
Pt Pt Pt Pt
UL-Pt UL-Au UL-Cu UL-Cr

Figure 5. Magnetic moment orientation of (a) UL-Pt, (b) UL-Au, ¢) UL-Cu and (c) UL-Cr samples.

The second approach to define the differences between the magnetic properties of samples is their
growth conditions. Figure 5 illustrates the assumed initial positions of the magnetic moment (spin)
directions of the samples which are responsible for the sign of EB. The figure means that the initial
magnetic moment direction of the UL-Cr sample is in the opposite direction of UL-Pt, UL-Au and
UL-Cu samples according to their initial measurement (and growth) position (&= 0°). The magnetic
anisotropies should play a decisive role for these structures for their magnetic moment directions. It is
previously found that the insertion of a buffer layer can change the morphology of the FM surface and
the magneto crystalline anisotropy of the FM layer [25]. The MOKE data of the samples at 0, 90 and
180° indicates that samples have in-plane uniaxial magnetic anisotropy. This behavior of
polycrystalline samples is explained by growth conditions. This type of anisotropy is called growth-
induced or geometric (oblique) anisotropy [32, 33]. The growth conditions, i.e. the growth position of
the target guns of the ULs, can alter growth-induced anisotropy and magnetoelastic energy. The total
magnetic anisotropy differences in the samples can be the possible reason for the change in the EB
direction. The gun positions were mentioned previously while defining figure 1b. From figure 1b, it
can be said that all growth angles in the samples, except the growth angles of the ULs, are the same.
The subsequent layer after the UL is non-magnetic Pt for each sample. Since Pt layers were deposited
under the same conditions, the Pt layers in the samples must have indirect effects on the magnetic
properties of the FM layers inherited from the growth conditions of ULs. The gun positions for Pt and
Cu targets have almost the same orientation to the substrate (figure 1b), they are geometrically on the
same line with the substrate, whereas the gun positions for Au and Cr are significantly different. This
can explain why both UL-Pt and UL-Cu samples have higher anisotropic behavior than UL-Au and
UL-Cr samples. However, despite these explanations, one question regarding the sign of EB still
remains unanswered. In an exchange-biased system with a uniaxial FM anisotropy, two exchange
coupling terms play important role in the total energy of an exchange coupled FM/AF bilayer [34].
These terms are called bilinear and biquadratic coupling energies. Normally, bilinear (direct) coupling
between FM/AF layers has a dominating role in the exchange bias effect. On the other hand, the
presence of 90° coupling between the magnetization of the FM/AF interface can be achieved in the
samples with the help of biquadratic (or spin-flop) coupling. Both coupling energies can contribute to
the EB effect in an FM/AF bilayer, and the value of their rate changes the value and sign of EB. These
energy terms are strongly related to the grain size of the layer and the interdiffusions between the
FM/AF layers. Here, the gun position of the Cr target is located at the opposite side of Py during the
sample depositions. The position of Cr with the help of growth-induced anisotropy can give a rise to
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changes in biquadratic and bilinear coupling energy terms. Additionally, the effect of the interface
roughness cannot be excluded here. Roughness contributes to the observed changes in magnetic
anisotropies and coupling energy terms. It also can contribute to the growth mode of the Py layer. The
effect of roughness can generally be explained by the well-defined random field model of EB [35].

4. CONCLUSION

In summary, the role of Pt, Au, Cu and Cr underlayers on exchange bias properties in Pt/Py/IrMn thin
films has been reported and discussed. It was found that the use of a thin Cr underlayer at the bottom
was very effective in increasing the exchange bias field value of Pt/Py/IrMn multilayers and also in
changing the direction of the EB effect. In contrast to what has been observed for the sample with the
Cr underlayer, a very small EB effect is observed in the samples with Cu and Pt underlayers. The
coercivity values in the studied samples slightly varied from 32 Oe to 40 Oe depending on the UL
type. On the other hand, the exchange bias field values varied from +8 Oe to -36 Oe depending on UL
type. Not the use of Cu or Pt, but the use of Cr as a UL has changed both the value and the sign of the
exchange bias significantly.

This study can be extended with new samples by changing the UL target positions during the
deposition for further research. The effect of underlayers is sometimes ignored as they were thought to
be standardized for the multilayers, but our study once again revealed their importance in the design
of magnetic multilayers by giving numerical results in EB value, EB sign and magnetic anisotropies.
On this basis, one would expect that these results can play a significant role in designing new
spintronic devices. This indirect effect of the underlayers on the magnetic properties may be
potentially useful for further applications in technological devices since an underlayer can change the
Hc values, Hgg values, EB sign and magnetic anisotropies to the desired value in the magnetic
multilayers.
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