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Abstract 

Ultra-dense arrays of magnetic nanoelements present considerable interest for extending areal 

densities in magnetic recording media, provided that they display high switching fields and 

corresponding low standard deviations. Here, we report the switching field distribution of bottom-up 

synthesized single-crystalline vertical Co nanowires self-organized in 2D hexagonal superlattices. The 

combined shape and Co hexagonal compact magnetocrystalline anisotropies in individual nanowires 

of diameter as small as 6 nm define a robust perpendicular magnetic anisotropy despite important 

interactions in their superlattices of 10×1012 NWs/in². Using quantitative analysis of temperature-

dependent first-order reversal curves, we capture the switching field distribution in this dipolar- 

coupled perpendicularly magnetized nanomagnets. First, the interwire dipolar interactions are treated 

separately and show a dominant mean field character with temperature independent amplitudes that 

scale with the nanowire packing fraction. Then, the intrinsic switching field distribution, namely 

independent of interwire interactions, is determined as a function of temperature in the 5K-300K 

range. The mean value and deviation are both found to be driven by the intrawire dipolar interaction 

and the temperature-dependent uniaxial magnetocrystalline anisotropy, but of smaller amplitudes 

than those expected from bulk behavior. With coercive fields ranging between 0.3 and 0.8 T, the 

switching field deviations relative to coercivity reach 20% which is a moderate value regarding pitch 

arrays as small as 8 nm.   

 

 

Arrays of magnetic nanostructures are key elements of past, present and future of magnetic 

recording technology [1]. The increasing demand in data storage led to the concept of bit patterned 

media (BPM) where information should be stored in a single magnetic element in opposite to 

conventional continuous magnetic media [2]. For large-scale fabrication of BPM, pure bottom-up 

fabrication methods are considered as exciting alternatives to top-down approaches [3]. Among 

reported spontaneously organized magnetic nanostructures on substrates, magnetic nanowires (NWs) 

are particularly suitable due to their intrinsic unidirectional growth [4,5,6]. However, it is still a 

challenge to stabilize wafer-scale arrays of NW made of magnetically hard structure and regularly 

packed with densities of more than 1012 elements per inch square. Whereas most studies on magnetic 

NW assemblies concern template-synthesized NWs with low or moderate densities and/or inadequate 

crystallographic structures [7,8,9], we recently reported the growth and self-organization of magnetic 

nanowire arrays that fulfill BPM structural constraints. Regular 2D hexagonal lattices of vertical free-

standing Co nanowires are immediately produced on a surface using a liquid phase chemical synthesis 

[10,11]. With tunable diameters in the range 6-12 nm and interwire distances of 2-3 nm, NWs densities 

of 3 to 10 × 1012 NWs/in2 are obtained [12]. Since the c axis of the hexagonal compact (hcp) Co single-
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crystal lies along the wire axis, the combination of shape anisotropy and Co hcp uniaxial 

magnetocrystalline anisotropy overcomes important dipolar interactions resulting in a magnetic 

anisotropy along the NWs, i.e. perpendicular to the 2D assembly [12,13]. This system is very promising 

as it combines bottom-up synthesis of single crystalline nano-elements, self-organization in 2D dense 

superlattices and robust out-of-plane anisotropy. However, the coercive fields (��), around 0.3 T at 

room temperature, should be enhanced for operational applications. This necessitates the 

identification of anisotropy dispersion and limitations in the system, ideally independently of dipolar 

interactions, that is, the determination of the intrinsic switching field distribution (iSFD). Indeed, the 

SFD deviation �	
�  and its relative value �	
� ��⁄  constitutes fundamental figures of merit of 

recording media [2]. The measure of the iSFD in interacting nanomagnets remains a complex problem 

and different approaches have been developed over years such as the ∆�(�, ∆�) method [14,15,16] 

and isothermal remanent magnetization and DC demagnetization remanence analysis [17]. The First-

Order Reversal Curves (FORC) technique has been recently proposed for this purpose, in addition to 

its ability to map and quantify magnetizing and demagnetizing interactions in assemblies [18,19]. 

Recent studies demonstrated that the determination of the iSFD deviation from a FORC analysis is 

quantitatively relevant for dipole-coupled nanomagnets [20,21,22]. In the aim of capturing the 

anisotropy amplitude and its limitations in ultradense arrays of single-crystalline NWs, here we used 

temperature-dependent FORC analysis in the range 5K-300K. Focusing on two Co NW arrays differing 

by their NW diameters and packing fractions, we first analyze major hysteresis loops to focus on the 

coercivity and activation volumes of the magnetization reversal, and we present temperature-

dependent FORC analysis to obtain the iSFD, as well as its variation as a function of temperature that 

allows discussing the anisotropy in the hcp Co NWs.  

 

The arrays studied consist of metallic Co NWs naturally covered with organic surfactants. They are 

synthesized by adapting the seed-mediated solution phase synthesis of nanocrystals [23] to grow them 

on crystalline thin films, here on epitaxial Pt(111)/Al2O3(0001) [24]. Details about the synthesis can be 

found elsewhere [12]. The whole process leads to the epitaxial growth of vertical single-crystalline 

wires with the c-axis of the Co hcp structure parallel to the NW axis [12]. The structural parameters 

can be tuned by varying the nature of reactants [11] and/or their relative concentration [12]. Here we 

present two families of NW arrays illustrated by two samples which differ by the solvent used for the 

synthesis: anisole for hereafter named sample A, and toluene for sample T. For sample A, the length is 

� = 320 nm and diameter � = 12.5 nm (aspect ratio, AR: 26), whereas � = 180 nm and � = 6.3 nm (AR: 

29) for sample T. Transmission electron microscopy shown in Fig. 1(a) reveals that NWs of sample A 

possess sharp extremities defining a needle-like shape, whereas NWs of sample T (Fig. 2(a)) are more 

cylindrical but subject to bending due to a smaller diameter. Considering an organic shell of 2.1 nm 

separating neighbouring wires [11,12], the � �⁄  ratio, with � the NW array pitch, is equal to 22 for both 

samples, while packing fractions � =  �� 2√⁄ 3�. (� �⁄ )�  are �� = 0.66 and �� = 0.51. 

Due to their shape and uniaxial crystalline anisotropies [10,12], the NW arrays present an easy-axis 

perpendicular to the substrate, i.e. parallel to the NWs. This is illustrated by easy-axis major hysteresis 

loops (MHL) measured perpendicularly to the substrate in Fig. 1(c) (sample A) and Fig. 2(c) (sample T), 

whereas loops measured parallel to the substrate correspond to the hard-axis behaviour (Fig. 1(d)-Fig. 

2(d)). For both samples, the easy-axis loops are clearly sheared whatever the temperature as a result 

of the demagnetizing dipolar interaction in the arrays. Note that low temperature �(�) 

measurements performed after field cooling do not display any exchange bias field suggesting the 

absence of Co/CoO ferromagnetic/antiferromagnetic coupling, and therefore no or little Co oxidation. 

The measured absolute values of �� are constant as a function of temperature (max. 7% variation in 

the range 5-300 K), as expected for bulk Co.  
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The evolution of the MHL coercive field �� 	! as a function of temperature is displayed in Fig. 1(e) 

and Fig. 2(e) for samples A and T, respectively. Whereas both samples present similar coercive fields 

of 0.3 T at room temperature, sample T and A reach 0.8 T and 0.5 T at 5K, respectively. The temperature 

dependence of �� 	! is analysed in terms of thermal relaxation within the Sharrock formula [25]: 

µ#��($) =  �%&'(((�)
 )

 *1 − �25./$ 01233($)45�6.⁄ �
7
89, Eq. 1. The effective uniaxial anisotropy 1233 =

1:($) + :
< µ#��� , with 1:($) is considered to behave as the magnetocrystalline anisotropy constant 

of hcp Co bulk [26], while the second term factor related to the cylindrical shape anisotropy is 

considered temperature-independent, as ��. The use of bulk values for 1233 did not allow fitting the 

experimental data. Therefore we introduced a phenomenological parameter 0 (≤ 1) to define a 

reduced uniaxial anisotropy 01233 that accounts for the temperature dependence of ��($). 

 

 

Figure 1 – sample A : a) cross-sectional transmission electron microscope (TEM) and b) scanning electron 

microscope (SEM) pictures. Magnetic hysteresis loops measured at different temperatures for applied 

magnetic fields c) parallel (after field cooling), and d) perpendicular to the NWs. e) Coercive fields measured 

on major hysteresis loops �� 	! and mean field of the SFD measured on FORC diagrams ��>25? as a function 

of temperature, and associated fits (Eq. 1). f) @�A?6,BCD��56. @ extracted from point A of FORC diagrams as a function 

of temperature (see Fig. 3). 
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The fits, displayed in Fig. 1(e) and 2(e), were carried out using Eq. 1 with activation volume 45�6. and 0 

as fitting parameters. The deduced activation volumes are inferior to the nanowire volume (45�6.  ≈
 4FG 14⁄  (portion of 25 nm in length),  4FG 16⁄ , (21 nm) for samples A and T respectively) which 

indicates that the reversal is localized, as commonly observed in the literature of magnetic nanowires 

[27,28,29,30,31]. The low values of 0 demonstrates that the magnetic anisotropy involved in the 

energy barrier of the magnetization reversal is lower than the theoretical one, but keeps the expected 

temperature dependence of the Co hcp magnetocrystalline contribution. 

 

The FORC diagrams measured on sample A and sample T in the temperature range 5-300K are 

displayed in Fig. 3 and Fig. 4, respectively. FORC were measured starting from the positive saturation 

to reach the field �J where each FORC was measured scanning back the field � from �J to the positive 

saturation field. The FORC diagrams were computed using the equation KBCD�(�, �J) = − :
�

L8 (	,	M)
L	ML	 , 

Eq. 2, [19] and were normalized with respect to the maximum value KBCD�>5N  of the considered diagram. 

For sample A, the FORC plots exhibit an identical signature for each temperature: they are mainly 

composed of an intense interaction field distribution (IFD) almost parallel to the interaction field axis 

�A?6. Note that a coercive field distribution (CFD) is also present along the �� axis at �A?6 = 0 (see 

point C in Fig. 3(b)): this distribution does not represent real switchings but originates from artificial 

enhancement of intrinsic coercivities due to dipolar interactions [18,19,20,22,32]. The IFD fingerprint 

is commonly encountered in the literature of nanowire arrays 

[33][34][35][36][37][38][39][40][41][42][43] and is numerically reproduced in simulations of hysteron 

assemblies interacting in a demagnetizing interaction field [18,22]. For sample T, the FORC diagrams 

also consist primarily of an IFD, but gradually change as temperature decreases, to the so-called 

"wishbone" shape [44], which is most apparent at 5K. It should be noted that sample A exhibits a 

comparable, albeit milder, gradual bending from the IFD to the wishbone signature at low 

temperatures. The wishbone shape is a distinguishing feature of systems with demagnetizing mean 

interaction field and coercive field distribution [22,44]. Therefore, the gradual shift from IFD to low-

Figure 2 - Sample T : a) cross-sectional TEM and b) SEM pictures of sample T. Magnetic hysteresis loops 

measured at different temperatures for applied magnetic fields c) parallel (after field cooling), and d) 

perpendicular to the NWs . e) Coercive field measured as a function of temperature and associated fits (Eq. 

1). f) @�A?6,BCD��56. @ extracted from point A of FORC diagrams as a function of temperature (see Fig. 4). 
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5 

 

temperature wishbone shows that the coercivity distribution has gradually broadened, as explained 

quantitatively in the following. 

 

 

Quantitative information was obtained from FORC diagrams exploiting the A, B and C point coordinates 

in the (��, �A?6) plane (Fig. 3(b)). Indeed it has been shown using hysteron simulations that the A, B, C 

points in the (��, �A?6) plane have coordinates [18,20,22] : A: (��>A?;@�A?6,BCD��56 @), B: (��>25? ; 
��>25?+��>A? − @�A?6,BCD��56 @), C: (��>5N + @�A?6,BCD��56 @; 0), where ��>A?, ��>5N and ��>25? are extremal 

and mean values of the switching field distribution in the assembly, respectively. Extracted ��>25? 

values are plotted in comparison with �� 	! on Fig. 1(e) (sample A) and Fig. 2(e) (sample T). Whereas 

�� 	! values reported on FORC diagrams (see star symbols on FORC diagrams in Fig. 3-4) are very close 

to the crossing point between IFD and the �� axis, ��>25? is always larger than �� 	! on the whole 

temperature range (Fig. 1(e)-2(e)). �� 	! refers to the field value for which � = 0, whereas ��>25? is 

the mean value of the switching field distribution. For a symmetrical distribution, both should be equal 

in the absence of dipolar interaction or in the presence of a mean interaction field. Any difference 

suggests here that interactions alter coercivity. Both experimental and theoretical works have 

established that dipolar interaction reduces coercivity because of the stray field of nearby NWs 

producing an antiparallel local interaction field [23,45,46]. Consequently, the total field is larger than 

the applied field and �P = 0 is reached before �5QQ = ��>25? . For the sample T, the contrast between 

��>25? and �� 	! is lower, which is consistent with �� < �� and consequently with moderate 

  
Figure 3: FORC diagrams obtained from 

measurements (insets) between 5K and 300K on 

sample A.  The coercive fields �� 	! measured on the 

corresponding major hysteresis loops are reported as 

star symbols. 

Figure 4: FORC diagrams obtained from 

measurements (insets) between 5K and 300K on 

sample T.  
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interactions in sample T. The interaction fields at saturation magnetization @�A?6,BCD��56 @ have been 

extracted from the coordinate of point A in FORC diagrams and displayed in Fig. 1(f)-2(f). In the moving 

Preisach model [47], the mean interaction field writes �A?6PP = 0>�P with the moving constant 0> <
0 for demagnetizing interactions. Recent approaches calculated SA?6PP , the T component of the effective 

demagnetizing tensor associated to the dipolar interaction field defined as �A?6PP = −SA?6PP �P, and 

demonstrated that SA?6PP  =  � for � �⁄ > 10 [48,49]. Such a regime prevails in these NWs arrays as 

supported by ferromagnetic resonance analysis [13]. Consequently, the maximum interaction field is 

expected at saturation with �A?6�56 = ±���, that leads, for a constant ��, to a temperature-

independent @�A?6,BCD��56 @ amplitude, as observed experimentally for both samples (Fig. 1(f), 2(f)). 

Moreover, the measured interaction field at saturation scales with � with larger values for sample A. 

These points indicate a dominant mean field interaction regime, also evidenced by the presence of the 

wishbone shape in the diagrams and by the constant KBCD� profiles along the IFD [18,19,20,21,22], 

both being signatures of this regime. Interestingly, some deviations from a pure mean field description 

of interactions can be then identified. First, the moving Preisach model predicts �A?6PP = 0 at � = 0, 

while the measurements indicate ��>25? ≥ �� 	! due to persistent interactions near the 

demagnetized state. Then, IFD of sample T at 300K and 200K presents peaked IFD profiles, a signature 

of an inhomogeneous interaction field [22,34]. This means that sample T presents a significantly larger 

deviation of the interaction field �	XYZ  in comparison to sample A, which could be related to the 

bending and bundling of these small diameter nanowires (Fig. 2(a)).  

Quantitative analysis of FORC diagrams beyond the classical Preisach model showed that the standard 

deviation of a gaussian SFD in a dipolar coupled assembly of nanomagnets can be accurately 

approached from the coordinates of A and B points of the diagram as �	
� = 	[\']Y ^ 	[\XY
_  [18,22]. The 

corresponding �	
�  values obtained from the FORC analysis are plotted as a function of temperature 

on Fig. 5(a). As expected qualitatively from the transition between linear and wishbone diagrams, the 

intrinsic SFD deviation increases at low temperatures. Analysis of the coercive field as a function of 

temperature has showed that the energy barrier involved in the magnetization reversal is composed 

of shape anisotropy and temperature-dependent magnetocrystalline anisotropy of hcp Co, despite 

being of lower amplitudes than predicted from the bulk values. In such a real system, local structural 

defects in the hcp structure of Co, such as stacking faults, would intrinsically reduce the anisotropy; for 

instance, this would result in local fcc stackings, whose magnetocrystalline anisotropy is one order of 

magnitude smaller than for hcp with very little temperature dependence [50]. Hence, the contrast in 

the anisotropy amplitudes between pure hcp crystallites and crystallites with defects would increase 

at low temperatures, broadening the switching field distribution. As the temperature-dependence of 

the hcp magnetocrystalline anisotropy is responsible for the increase at low temperatures of both the 

coercive field and SFD deviation, the measured relative dispersion �	�` �� 	!⁄  is therefore found 

almost constant at 20% on the studied temperature range (Fig. 5(b)).  

Generally, the SFD deviation increases when decreasing the nanomagnet size because the properties 

are averaged over less magnetic volume in small elements. With nanowire diameters of 6.3 nm (sample 

T) and 12.5 nm (sample A), the pitch of these arrays reaches 8 nm and 15 nm, respectively. Focusing 

on future generation of magnetic media, namely bit patterned media, the present system synthesized 

by a pure bottom-up process reaches pitch values yet unachievable by top-down approaches. It is 

particularly interesting to note that the reported value follows the general trend observed of SFDs in 

state-of-the-art BPM, when extrapolated to the present pitch [2]. 
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7 

 

 

In conclusion, we have conducted the analysis of the switching field distribution of ultra-dense arrays 

of magnetic nanowires that fulfill strategical prerequisites of bit patterned media such as bottom-up 

synthesis of single-crystalline nano-elements self-organized in 2D dense superlattices. Particularly, the 

hard-magnetic behaviour provided by combined uniaxial shape and magnetocrystalline anisotropies 

allow to maintain perpendicular magnetic anisotropy despite important dipolar interactions with 

densities of 10×1012 NWs/in². Qualitative and quantitative analysis of temperature-dependent FORC 

allows concluding that the self-organized nanowire arrays exhibit dipolar interaction of a dominant 

mean field character accompanied with some noticeable deviations. We have shown that both the 

coercive and mean switching fields originates from thermal relaxation with an energy barrier 

composed of shape and temperature-dependent Co hcp magnetocrystalline anisotropies smaller than 

expected from bulk arguments. As a consequence, the deviation of the intrinsic switching field 

distribution increases at low temperatures, while its normalized value to coercive field keeps constant. 

These results suggest the possibility of improving the synthesis procedure to bring this promising 

technology to the level of technical maturity needed for magnetic recording applications. 
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