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is observed when the FM thickness is varied. Furthermore, considering an easy-axis distribution we observe a significant reduction in coercivity as well as a slight decrease of the exchange bias field.

It is commonly assumed that in uncompensated FM/AF interfaces, the easy axes of antiferromagnetic grains are aligned toward the magnetic field direction applied during the film growth. However, due to several intrinsic and extrinsic factors, these easy axes can be aligned away from the unidirectional axis. In this context, the aim of this work is to study the relationship between the easy axes distribution (EAD) and thickness of both the ferromagnetic (FM) and antiferromagnetic (AF) layers in Co/IrMn bilayer systems. A phenomenological model for the free energy of the system that takes into account a domain wall formation in the AF layer and a Gaussian-type distribution of their easy axes is used. Thus, we simulate and fit the magnetization curves and get several magnetic parameters like rotatable anisotropy field, exchange bias field, coercivity and magnetic anisotropy. Our results show that when the AF thickness is increased, the width of the easy-axis distribution also increases following a power-law relationship. However, no correlation

Introduction

Exchange bias (EB) is a critical phenomenon that appears in magnetic nanostructures due to interfacial exchange coupling between two di↵erent magnetically ordered systems, most often ferromagnetic (FM) and antiferromagnetic (AF) ones [1,2]. The hysteresis loop displacement is the most characteristic feature of the exchange bias e↵ect, but also an enhancement of coercivity (H c ) is often observed. It is generally accepted that exchange anisotropy is related to the details of the actual spin arrangement at the FM/AF interface; however, the mechanism controlling the final spin structure at the interface is a complex issue that has still not been fully understood. Several theoretical models have been developed to describe the properties of EB [3,4]. For example the Malozemo↵ model [5], which was formulated from the analogy between FM/AF coupling and random anisotropy in disordered systems, supposes that the roughness at interface induces a random exchange field between the two layers, promoting magnetic domain wall formation in the AF layer with domain walls perpendicular to the FM/AF interface. Furthermore, based in such model, Malozemo↵ predicted a critical AF thickness where the exchange bias field (H eb ) reaches a maximum value and reduces to zero below this thickness [6]. In contrast, the model proposed by Mauri et al. [7] considers a perfectly uncompensated interface in which the AF spins at the interface move simultaneously with the FM spins during the magnetization of the FM layer. Although both models predict realistic values for H eb , their applicability is restricted to specific conditions. On the other hand, granular EB models are widely used to study polycrystalline systems. The first granular model was proposed by Fulcomer and Charap [8] whom considered a grain size distribution of two di↵erent types of AF grains. One of them with magnetic moment fixed and other with tendency toward to rotate with magnetization of the FM layer. Motivated by these ideas, modern granular models considering a distribution of the easy axes of AF grains, and direct coupling between independent AF grains and the FM film, have been further developed [9,10,11]. The reports showed the easy axis distribu-tions (EAD) are very useful to model the rounded shape of hysteresis loops [12,13,14]. However, despite the continued use of EAD, it is not yet clear how it is related to the texture of polycrystalline FM/AF interfaces.

In this paper we present a study of EAD in Co/IrMn bilayer systems focusing our interest mainly on their thickness dependence in order to gain insight into the role of EAD on the coercivity and the exchange bias field.

Here we have assumed that there is a strong coupling between FM and AF interfacial grains such that their rotation is considered coherent, which is supported by the finding of Li and Zhang [16]. We further consider that the uncompensated magnetic moment of each AF grain points in the direction of the FM layer as it is deposited in the presence of strong magnetic field or after a field cooling procedure. Thus, we have considered that the easy axis directions of AF/FM coupled grains are distributed following a Gaussian distribution with the direction of the applied magnetic field as its mean value. It is worth to mention that Gaussian distribution, as characterized by its standard deviation ( ), plays a crucial role in EB systems [15]. Thereby, we calculate the dependencies of H eb , rotatable anisotropy field (H RA ), uniaxial anisotropy field (H u ), planar domain wall field (H w ) and the standard deviation ( ) as a function of AF and FM layer thicknesses. To this purpose, we use a phenomenological model for the free energy that takes into account the Zeeman interaction, uniaxial anisotropy, interfacial exchange energy, rotatable anisotropy contribution to the AF grains and the energy of a partial domain wall in the FM/AF interface. Equilibrium angles were found by using a numerical minimization procedure and thus hysteresis loop measurements in Co/IrMn bilayers were simulated. The distribution of the uniaxial axes is discussed in terms of average AF grain volume, coupling strength between AF and FM grains and their thicknesses.

The Model

In order to analyze the experimental curves of magnetization we have employed a model that takes into account the magnetic behavior of FM/AF polycrystalline bilayers. Thus, we consider that at the interface there are AF grains with uncompensated spins coupled only to adjacent FM grain. Previous works pointed out that these AF grains can be classified as stable or unstable [11,17] depending on the strength to maintain its magnetization fixed or free to rotate, under the influence of an external magnetic field. Although Geshev's model [11] considers simultaneous coupling between a FM grain and two AF grains, here we have only considered an unstable AF grain with the ability to rotate slightly during the magnetization reversal of the FM layer. For simplicity, we have considered that the exchange biased FM/AF bilayer lies in the x-y plane, while the z-axis represented by the unit vector n is normal to the film plane. Each of the FM and AF layers is sub-divided into N grains, such that these grains are coupled only in the z direction but not laterally. The magnetization vector of each FM and AF grain is denoted by M and MAF , with the unit vectors ûFM and ûAF as their easy axis direction, respectively. These easy axes are distributed preferentially along the EB direction following a Gaussian distribution, although they are not the same in direction but share the same standard deviation . Hence, the total free energy per unit area E tot for each FM/AF coupled grains can be written as:

E tot = t F M H • M + 2⇡t F M ( M • n) 2 t F M K u M • ûFM M s ! 2 t F M K RA M • ĥ M s ! 2 w MAF • ûAF M AF J ex M • MAF M s M AF , (1) 
where the first three terms correspond to the Zeeman, demagnetizing, and uniaxial anisotropy of each FM grain, respectively. Here t F M and K u represent the thickness and anisotropy constant of the FM layer. The fourth term of Eq. (1) refers to the rotatable anisotropy with constant K RA . This term indicates a tendency of each FM grain to rotate with the external magnetic field (with unit vector denoted by ĥ). Thus, this term contributes to the broadening of the hysteresis loop because it is related to AF grains with unstable uncompensated spins at the interface. McMichael et al. [18] introduced this term in the form t F M K RA ( M • ĥ) to reproduce an isotropic shift of the angular variation of the ferromagnetic resonance field. However, Geshev et al. [10] pointed out that when irreversible magnetization processes are present, a uniaxial rotatable anisotropy proportional to t F M K RA ( M • ĥ) 2 can be employed. For that reason, we have used the latter form in this work, since we have studied EB by means of hysteresis measurements. Finally, the last two terms of Eq. (1) correspond to the EB contribution to the energy, where w and J ex are a 90 0 domain wall energy and the interfacial exchange energy, respectively. The equilibrium orientation of the magnetization was calculated by using the energy minimization procedure for the energy relation, Eq. 1, as devel-oped in our previous work [19]. Thus, magnetization curves were simulated with the following expression:

M (H) M s = P N i=1 t i Mi • ĥ P N i=1 t i M i , (2) 
where M s represents the saturation magnetization of the FM layer and the sum was taken over N = 2000 FM/AF coupled grains.

Experimental

In this study two sets of samples were prepared: (a) Si(111)/Cu(10nm) /IrMn(t IrMn )/Co(3nm)/Ru(3nm) with t IrMn =5, 7, 10, 15, 20, 30, 50, 70 nm and (b) Si(111)/Cu(10nm)/IrMn(10nm)/Co(t Co )/Ru(3nm), with t Co =3, 5, 6, 10, 15, 30 nm. The samples were prepared using a magnetron sputtering system; under a base pressure of 5 ⇥ 10 8 Torr and working argon pressure of 2 ⇥ 10 3 Torr. The measurements were carried out as-deposited state. A static magnetic field of about 480 Oe was applied to the film plane during deposition to induce a uniaxial anisotropy and hence an initial EB direction. In all samples a copper layer of 10nm were used as seed layer, this was grown over the Si(111) substrate to promote the (111) texture of IrMn. To avoid oxidation or contamination with air and in order to protect the stack, the samples were capped with 3 nm of Ru for all ex-situ measurements. The magnetic measurements were performed at 300 K using vibrating sample magnetometer (VSM), with the external applied field parallel to the film plane. The structure of the samples was studied by x-ray di↵raction (XRD) in a conventional ✓ 2✓ di↵ractometer, using the K↵ radiation of Cu. Fig. 1 shows the XRD pattern of a representative sample obtained at room temperature. At 2✓ = 41.1 0 there is a peak which correspond to the fcc IrMn layer with a (111) texture promoted by the Cu(111) fcc bu↵er layer. Cu layer has a di↵raction peak at 2✓ = 44.2 0 . In the same way Co layer present a main peak at 2✓ = 44.6 0 promoted by the IrMn texture.

Results and discussion

In this section, a detailed discussion of EB as well as EAD influence on EB properties are presented and discussed. Fig. 2 shows representative experimental and best fitting magnetization curves simulated through the model presented above for the Co/IrMn system. From fitting we have extracted the following parameters; the uniaxial anisotropy field H u = 2K u /M s , AF domain wall anisotropy field H w = w /t F M M s , exchange bias field H eb = J ex /t F M M s and the rotatable anisotropy field H RA = 2K RA /t F M M s . The saturation magnetization for Co layer was set to a typical value of M s = 17 kG in all the calculations.

In the process of modeling, easy axis distributions (EAD) have proved to be very useful when modeling the rounded shape of hysteresis loops, which emphasizes the key role played by the EAD. In this work we have used a Gaussian-type EAD characterized by the standard deviation F M and AF , associated with the FM and AF layers, respectively. We have further assumed that the FM and AF grains have the same standard deviations, i.e., F M = AF = , because this assumption provides a good agreement between the experimental data and the simulations. Furthermore, it has been pointed out elsewhere [20] that collinearity produces large values of EB and coercivity which are useful for applications.
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AFM thickness-dependent EB properties

In this section the behavior of coercivity, H c , and exchange bias field, H eb , as a function of IrMn thickness is analyzed. The thickness dependence of H c is shown in Fig. 3(a). Two regions are distinguished: the first one corresponds to t IrMn < 20nm, where H c decreases rapidly as AF thickness increases; and the second one, for thickness higher than 20 nm, where H c remains practically constant.

Here, the reduction of H c can be linked directly to a decrease of the rotatable anisotropy field, H RA , as one can see by comparing H c and H RA in the Fig. 3(a) and 3(b), respectively. To clarify this relationship we have plotted such values in Fig. 4. There, it is evident to observe a linear dependence for t IrMn < 20 nm; however, for t IrMn > 20 nm the value of H c appears to plateau o↵. To further study such linear dependence, we have simulated hysteresis loops for H RA values ranging from 0 to 200 Oe, keeping all other parameters fixed. These simulations were performed for several easy-axis distribution widths. Then H c and H eb were extracted from the hysteresis loops, in the same way as it was done in the fitting of the experimental data shown in Fig. 2.

Numerical results are shown in Fig. 5, from which we confirm that H c varies linearly with H RA and whose curves's slope is in function of the the standard deviation . In the same figure, we can see that H eb appears to be independent of H RA for very small , but it is reduced by about 5% as increases to around 20 nm. On the other hand, an increase of produces a reduction of coercivity of around 50% for H RA = 200 Oe. We note that this reduction persists for H RA = 0, indicating that the coercivity not only depends on the spin arrangement at the FM/AF interface, but also on the properties of the Co layer itself. To proceed with the interpretation of the behavior of H c and H eb , we associate the rotatable anisotropy with the uncompensated spins at the interface between the AF and FM layers. We have assumed that each AF grain (considered to have a parallelepiped shape) consists of two parts: a top surface that contains uncompensated spins, in atomic contact with the lower surface side of the FM layer; and a AF bulk region with compensated spins and with grain volume: V = ht AF Si, S being the surface area of the AF grain, with thickness t AF . We assume that an increase of the uncompensated spins density produces an increase of the rotatable anisotropy field. Furthermore, this increase is inversely proportional to the average AF grain volume (H RA / 1/ht AF Si).

Thus, an increase of the average AF grain volume leads to a decrease of H RA . On the other hand, it is known that as the AF layer thickness decreases the average AF grain volumes also decreases [21]. This can be easly deduced if we assume ht AF Si = hSit AF . Thus, it is straightforward to explain the increment of H c with H RA , as shown in Fig. 4. On the other hand, we note a progressive diminution of H eb as a function of AF thickness, obtained from fittings ( see Fig. 3(a)). These results di↵er from the findings of Ali et al. [22], at least in the region above the critical thickness, which was around t AF = 4 nm in their work. They report a constant H eb practically after reaching the maximum value. On the other hand, above the critical AF thickness, Vinai et al. [23] reported similar results to those presented in this work. It is worth noting that in both cases they find a critical AF thickness below which H eb vanishes abruptly. However, in the range of AF thicknesses we have studied (5< t AF < 70 nm), no such critical thickness was observed. We expect that such a critical thickness could be found for thicknesses less than those studied in this work, i.e., t AF < 5 nm. On the other hand, Vallejos et al. [21] proposed that only grains with volume size, V , in the window V c < V < V SET contribute to H eb . Here, V c is the critical volume below which AF grains are thermally unstable at 300 K and V SET defines the critical volume above which AF grains do no contribute to H eb due to random distribution of their magnetization directions. In this way, for thicker samples of IrMn, an increase of the AF average grain volume will reduce the fraction of uncompensated spin grains, hence H eb decreases with the increment of the AF thickness. Although Vallejos et al. used the above argument to explain their experimental data, the range of thickness values of IrMn (3-12 nm) used in their case is considerably lower than our; 5 < t AF < 70 nm. Another parameter that plays a crucial role in EB systems is the EAD of the interfacial magnetic grains. We have seen from 5 that H c depends on . Thus, according to the above discussion, we can deduce that as a function of t AF , as shown in the Fig. 6(a). A simple inspection of the Fig. 6(a) and (b) suggests that there is a relationship between and the AF layer thickness in a power-law form. An increase of t AF is accompanied by an increase of . On the other hand, no clear dependence is observed when the FM thickness is varied, as it is shown in Fig. 6(b). The idea of a power-law arises after a series of simulations we made on Co/IrMn bilayers at di↵erent temperatures. We observed the same behavior seen in Fig. 6(a), independent of temperature. In light of these results we propose that is proportional to the average AF grain volume (ht AF Si) and inversely proportional to the exchange coupling strength (J ex ). Thus, an increase of means a reduction of J ex and, hence, a decrease of H eb . Likewise, an increase of indicates an increment of the average grain volume which leads to a decrease of the uncompensated spin density at the AF/FM interface and hence a reduction of H c is expected. From the discussion above, it appears that EAD has a considerable e↵ect on H c but not on H eb .

FM thickness-dependent EB properties

Fig. 7 shows the dependence of H eb with the thickness of the Co layer. As one can see, there is a good agreement between the model and experiment. In contrast, when the AF thickness is varied, H eb varies inversely with Co layer thickness, as it is expected. To verify this statement, H eb values were plotted as a function of 1/t Co , as it is shown in the upper inset of Fig. 7. The linear fitting confirms that H eb is inversely proportional to t Co as expected, since the exchange biasing e↵ect is primarily an interfacial phe-nomenon. The slope of the linear fit is used to calculate the interfacial exchange coupling J ex and it is compared with that of the Mauri's model [7],

H eb = 2 p A AF K AF M s t F M , (3) 
where A AF and K AF are the exchange sti↵ness and the AF magnetocrystalline anisotropy, respectively. The interfacial exchange energy was calculated as J ex = 0.074 mJ/m 2 and it is in good agreement with the values reported in the literature [24]. However, taking bulk values of A AF = 10 11 Jm 1 [22] and K AF = 1.8 ⇥ 10 5 Jm 3 [25] for the IrMn, we found that the domain wall energy was 2 p A AF K AF = 0.84 mJ/m 2 , which is higher than that calculated with the model. Although the discrepancy between values is about an order of magnitude, it should be noted that the latter is for bulk single crystals, while our calculated value, obtained from the fitting results, is for thin films. Furthermore, this di↵erence indicates that H eb is limited by the strength of the interfacial exchange coupling J eb to form an AF planar domain wall. Although Mauri's model assumes perfectly smooth interfaces at the atomic leve; realistic interfaces have roughness and vacancies that may alter this value. It should be noted that domain wall formation is observed when the thickness of the AF layer is much larger that the domain wall length, w = ⇡ p A AF /K AF . Using IrMn bulk values indicated above, we found a domain wall lenght of w = 23.4 nm, which is lower than all AF thickness studied in this work. This suppports the energy model used in this work.

On the other hand, just as we discussed in section 4.1, Fig. 7 shows two regions for coercivity. In the first one, t Co < 7 nm, the coercivity decreases rapidly from 50 Oe to 15 Oe. Note that in this region the reduction of coercivity is directly correlated with a decrease of the rotatable anisotropy field, above which it vanishes. This could indicate that for low FM thicknesses, the influence of unstable AF grains of uncompensated spins is responsible for the increment of the coercivity. On the other hand, above 7nm coercivity remains practically constant and it is inferred that it is controlled mainly by properties of the Co layer itself, through the uniaxial field H u . Finally, it is worth noting that no correlation is found between the width of EAD and the FM thickness, as can be seen in the Fig. 6(b). We believe that the reason for this is that the average AF grain volume is mainly controlled by the thickness of the AF layer instead of the FM one.

Conclusions

In this work we have studied the IrMn(t IrMn )/Co(t Co ) exchange biased system by the modeling of their magnetic hysteresis loops. A phenomenological polycrystalline theory that includes an easy-axes distribution of FM/AF coupled grains was used to this purpose. In order to simulate the hysteresis loops we first find the equilibrium magnetization algorithm. Once the angles were found we calculated the total magnetization as a sum over all the FM/AF grains. Thus, an excellent agreeement between the model and experiment was achieved. The inclusion of easy-axis distribution in the model produces a reduction of coercivity and a slight decrease of H eb as t AF is increased. In fact, we have proposed that the Gaussian distribution width, , is proportional to the AF average grain volume and inversely proportional to the e↵ective exchange coupling energy J ex between FM and AF coupled grains. Hence, we were able to explain the thickness dependence of H eb and H c . It is observed also that when AF thickness is increased the width of easy-axes distribution increases following a power-law dependence. On the contrary, no clear tendency is observed when FM thickness is varied. We argue that AF grain easy axes distribution at the FM/AF interface can be strongly modified by the AF thickness but not being the only one. Another factor could be the seed layer as Aley et al. [26] showed, but the model used in this work does not take into account the e↵ect of the seed layer, we clarify that the model have not a predictable character, instead it takes experimental data to estimate roughly the distribution of the easy axes of the interfacial magnetic grains. We hope that this work can serve to further works to get insight on the relationship between easy axis distribution and thickness.

  Figure 1: High angle XRD pattern measured on the Cu(10nm)/Ir 20 Mn 80 (15nm)/Co(5nm)/Ru(3nm) system deposited onto Si(111) substrate.

Figure 2 :

 2 Figure 2: Experimental easy-axis magnetization loops (open circles) for the Co(3nm)/IrMn(t IrMn ) (left panel) and Co(t Co )/IrMn(10nm) (right panel) exchange biased systems. Fitting curves (red solid lines) were calculated minimizing the Eq. (1).
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 3 Figure 3: (a) IrMn thickness dependence of the experimental exchange bias field, H eb , and coercivity, H c . Open circles correspond to H eb from fitting. (b) Rotatable anisotropy (H RA ) and uniaxial anisotropy (H u ) field parameters.

Figure 4 :

 4 Figure 4: (a) H c dependence on H RA . Dashed line is a linear fit in the 5 nm< t IrMn <20 nm. Numbers in the graph correspond to the IrMn thickness in nanometers.

Figure 5 :

 5 Figure 5: Simulated curves of H c and H eb and their dependence with H RA for di↵erent standard deviations . Simulations were performed using H u = 80 Oe, H w = 1, 2 kOe and H eb = 2017 Oe.

Figure 6 :

 6 Figure 6: Dependence of the standard deviation, , of EAD with (a) IrMn and (b) Co thicknesses. Open circles represent values obtained from fitting. Solid line in (a) is a fit to a power law.

Figure 7 :

 7 Figure 7: Experimental (full circles) and theoretical (open circles) values of H eb and H c (full square) as well as the anisotropy parameters in function of Co thickness employed in the fitting curves plotted in Fig. 2. The upper inset shows the H eb (full circles) dependence with the inverse of Co thickness, solid line is a linear fitting. The other inset shows the 90 0 domain wall field.
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