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ABSTRACT 

We have measured the temperature variation of the magnetic anisotropy of Ni nanowires 

(Ni NW) embedded in freestanding porous anodized aluminum oxide membranes, using 

DC magnetometry and ferromagnetic resonance. Both techniques show a significant  

reduction of the uniaxial anisotropy with decreasing temperature. This decrease can be 

explained by magnetoelastic effects, as Ni NW are subjected to stress due to the 

difference in thermal expansion coefficients between the nanocomposite materials. 

Matching our experimental findings with previously measured thermal strains along the Ni 

NW axis led us to estimate the perpendicular stress. Thus, we postulate the Ni NW as 

nanometric differential stress sensors.  
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During the last decades advances in fabrication methods have enabled the development 

of magnetic structures in which the dimensions have been continuously decreased. 

Ferromagnetic nanowires are materials that have been extensively studied due to their 

potential applications in spintronics, magnetic memories, and biosensors among other 

areas [1-8]. The production of nanocomposites based on porous anodized aluminum oxide 

(AAO) as a template or matrix structure has the advantage of going beyond the typical size 

limits of e-beam lithographic designs, and it is scalable to large areas [9-11]. In order to 

produce the nanowires, the AAO pores are filled with ferromagnetic materials via 

electrochemical deposition [8, 12]. The magnetic behavior of ferromagnetic nanowires 

(NW) inside these nanoporous membranes is partly determined by their aspect ratio, 

dipolar interactions, and crystalline structure [13-16]. Usually, they exhibit uniaxial shape 

anisotropy with the easy axis parallel to the NW [13-15, 17]. The magnetic behavior of the 

NW is also strongly dependent on the mechanical stresses to which the NW are subjected 

[17]. Dubois et al. [18] studied the behavior of Ni NW electrodeposited into polycarbonate 

membranes of low porosity. They found an increase of the magnetic anisotropy with 

decreasing temperature (T) and related this effect to their XRD measurements showing a 

significant compression along the NW axis at low T. They concluded that magnetoelastic 

effects caused the observed behavior. They also calculated the radial-to-axial stress ratio 

and showed it to be negligible in their case [18]. Navas et al. [13], and Sousa et al. [19] 

reported a decrease of the magnetic anisotropy with decreasing T for Ni NW in AAO 

supported on the native Al substrate. Both results [13,18] were explained by 

magnetoelastic effects caused by the stress induced by the different thermal expansion 

coefficients between the components forming the system, attributing the main role to the 

aluminum substrate, which was the most massive material in their samples. 

In a recent XRD study of Ni NW-AAO membranes in which the aluminum substrate had 

been removed [20] we found an effective negative thermal expansion of the 

nanocomposite, leading us to conclude that the freestanding AAO also has a negative 

thermal expansion coefficient in the direction of the pore axes. In this work, we present the 

temperature dependence of the magnetic properties of the freestanding nanocomposite Ni 

NW-AAO, measured using DC magnetometry and ferromagnetic resonance. In the 

analysis of our results we account quantitatively for the main magnetoelastic contribution -
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along the wire axis- and this allows us to estimate the radial stress exerted by the AAO 

matrix on the Ni NW. 

 

AAO was produced by a two-step anodization process of electropolished pure Al foil 

(purity 99.999 %), using oxalic acid 0.3 M at 280K with an anodization voltage of 40 V to 

obtain a matrix with pores of 40 nm in diameter and a distance between pores of 120 nm 

[21] (Supplementary Material). The voltage after the second anodization was decreased 

exponentially from 40 V to 8.3 V in order to reduce the thickness of the insulating barrier 

layer between AAO and Al substrate, to allow electron transport during Ni 

electrodeposition. We estimate that the barrier thickness was reduced to the optimum 

value of 10 nm [9, 22]. Ni filling of the porous structure was achieved by pulsed 

electrodeposition at 310 K using a Watts bath with a carbon anode [9, 10, 12]. The 

electrodeposition was based on a repeated application of a negative pulse of 20 V during 8 

ms followed by a positive pulse of 4 V for 2 ms to discharge the capacitor formed by the 

barrier layer. Each cycle ends with an 800 ms stage at 0 V for rearrangement of the 

electrolyte composition in the pores. A relatively large current is established due to 

displacement current effect and tunneling through the barrier layer during the abrupt rise of 

the voltage. As the voltage pulse is maintained, the displacement current decays to zero, 

but the tunneling is maintained.  

After Ni deposition, the aluminum substrate was removed by chemical etching with a HCl – 

CuCl2 solution, and the composition, crystalline orientation and structure of the samples 

were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). 

The magnetic properties were studied using ferromagnetic resonance (FMR), vibrating 

sample magnetometry (VSM), and DC magnetometry with a SQUID. FMR experiments 

were carried out in a Bruker ESP 300 spectrometer operating at 𝜈 = 9.39 GHz with a 

cryogenic T control using a LN2 reservoir that allowed varying T from slightly above room 

temperature down to T ~ 120 K. The recorded spectra contains a DPPH signal used for 

calibration that resonates near H = 3355 Oe. The experiments were performed varying T 

between 300 K and 120 K, at two orientations of the magnetic field, parallel and 

perpendicular to the NW. 

A SEM image of the AAO matrix with Ni NW deposited at the bottom of the pores, and a 

XRD diffraction scan are shown in Figure 1. 
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The SEM image shows that the NW have a mean length of (3.0 ±  0.5) µ𝑚 (the AAO 

membrane has a thickness of 20 µ𝑚). The XRD intensity ratio of the (220) and (111) 

Bragg reflections, when compared with that of Ni powder spectrum, gives evidence that 

there is no principal texture, but a soft preferential orientation along <110>.The broad 

peaks correspond to the amorphous alumina [20]. 

Figure 2 shows the longitudinal and transverse hysteresis loops measured at room T using 

VSM. The observed behavior, preserved in the whole T-range, indicates that the NW have 

uniaxial magnetic anisotropy with the easy axis parallel to the NW [23]. 

The effective anisotropy field in a uniaxial anisotropy model can be obtained from the 

magnetization curves H // NW and H ⊥ NW (see Supplementary Material for details) 

Figure 3 shows the FMR spectra at 120 and 300K. The anisotropy field 𝐻𝐴 can be 

determined from the resonance fields as 

𝐻𝐴 =  −𝐻∥ − 𝐻⊥2 + √54 𝐻⊥2 + 𝐻∥𝐻⊥                      (1) 

 

Details and additional data can be found in the Supplementary Material. 

Figure 4 shows the results for the anisotropy field as a function of T as measured from the 

FMR spectra, together with those obtained from the SQUID data (Supplementary 

Material).The two techniques give similar results indicating a significant reduction of the 

anisotropy field when decreasing T. 
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A larger decrease of the anisotropy field with decreasing T has been reported previously in 

Ni NW-AAO samples preserving the aluminum substrate [13, 19], and it has been 

attributed to magnetoelastic effects due to the mismatch between the thermal properties of 

aluminum and Ni NW-AAO, yet it was not directly measured.  

In our case the massive aluminum substrate was removed, and our results have to be 

explained considering only the Ni NW and their AAO matrix. 

The anisotropy field would contain shape, magnetoelastic, and magnetocrystalline 

contributions [24]. We did not find evidence of the last contribution most likely due to the 

polycrystalline nature of the NWs. Due to the large aspect ratio of the NW, we can 

estimate the shape anisotropy field taking into account the contribution due to dipolar 

interactions between NW [25], as 𝐻𝐴𝑠ℎ𝑎𝑝𝑒 = 2 𝜋 𝑀𝑠(1 − 3𝑓)    (2) 

Here, 𝑓 = 𝜋2√3 (𝑑𝐷)2 ≈ (0.10 ± 0.01) is the filling factor, 𝑑 the pore diameter, 𝐷 the 

interpore distance, and 𝑀𝑠 the value of Ni saturation magnetization. At 300 K, using 𝑀𝑠 =488 emu/cm3 [24], and 𝑓 = 0.10 we calculate 𝐻𝐴𝑠ℎ𝑎𝑝𝑒 ≈ (2150 ± 100) 𝑂𝑒 using Eq (2). 

Our experimental data 𝐻𝐴(300𝐾) is in close agreement with this magnitude. This fact 

leads us to consider that at room T the shape anisotropy is the main contribution to the 

effective anisotropy field. 

The saturation magnetization 𝑀𝑠 (measured in the same sample) increases (6 ± 1)% 

when decreasing T from 300 K to 120 K (Supplementary Material). Since shape anisotropy 

is proportional to 𝑀𝑠, it is expected that 𝐻𝐴𝑠ℎ𝑎𝑝𝑒 would have the same relative increase in 

this T-range, i.e.: 𝐻𝐴𝑠ℎ𝑎𝑝𝑒(120 𝐾) = (2270 ± 100) 𝑂𝑒. In Figure 4 we included the shape 

anisotropy field, assuming it coincides with 𝐻𝐴𝑠ℎ𝑎𝑝𝑒  at room T. The experimental value of 𝐻𝐴(120𝐾) is obtained by averaging the SQUID and FMR values. This average yields 𝐻𝐴(120 𝐾) = (1860 ± 60) 𝑂𝑒, smaller than 𝐻𝐴𝑠ℎ𝑎𝑝𝑒(120 𝐾), and points to a negative 

contribution to the anisotropy at 120 K: ∆𝐻𝐴 = 𝐻𝐴(120 𝐾) −  𝐻𝐴𝑠ℎ𝑎𝑝𝑒(120 𝐾) = −(410 ±120) 𝑂𝑒. 

The angular dependent term of the uniaxial anisotropy energy density can be expressed 

[24] as 𝐸(𝜃) =  𝐾𝑢sin2𝜃, where  is the angle between the magnetization and the NW axis 
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(easy axis). The constant 𝐾𝑢 is related to the magnetic anisotropy field through 𝐾𝑢 = 𝐻𝐴 𝑀s2 . 

The previous calculations suggest that at low T there is an additional energy that can be 

estimated as:  ∆𝐾𝑢 = ∆𝐻𝐴 𝑀s(120K) 2 = −(1.1 ± 0.3)  × 105 ergcm3  (3) 

This additional energy can be attributed to magnetoelastic effects due to the stress 

suffered by the Ni NW when T decreases. 

In a previous study based on XRD measurements [20], we reported an average negative 

thermal expansion coefficient < 𝛼𝑁𝑖 𝑁𝑊 >=  −(1.6 ± 1.5) × 10−6 K−1 along the NW axis 

for the Ni NW inside AAO, between 110K and 350K. The analysis of this result [20] led us 

to conclude that the empty AAO matrix also has a negative thermal expansion in this T-

range, opposite to the behavior of bulk alumina. Using this result, the experimental 

deformation of Ni NW in AAO at 120K relative to their equilibrium state at 310 K can be 

estimated as 𝜖∥ = (3 ± 3) × 10−4.  

What is the meaning of this result? Decreasing T, isolated Ni NW would contract as bulk Ni 

does. But our result indicates an elongation, suggesting that Ni NW, adhered to the AAO 

pore walls, follow a behavior different from bulk Ni. This fact can be explained considering 

that the expansion of the AAO matrix drags the NW through a shear stress, so they are 

also expanded along the NW long axis when the system cools. This assumption requires a 

strong enough bond between Ni and AAO pore walls, capable of resisting thermal cycling. 

Recalling the behavior of fiber composite materials [26], it can be shown that the shear on 

the NW walls causes a tensile stress 𝜎∥. Using the average Ni bulk thermal expansion 

coefficient between 120 and 300 K,〈𝛼𝑁𝑖 𝑏𝑢𝑙𝑘〉 = 10.5 × 10−6𝐾−1 [27], and the Ni 

polycrystalline Young modulus 𝐸𝑁𝑖 = 2.00 × 1012dyncm2  [28], we can compute the stress in the 

NW axis direction at 120K: 

𝜎∥ = 𝐸𝑁𝑖[𝜖∥ − 〈𝛼𝑁𝑖 𝑏𝑢𝑙𝑘〉∆𝑇] = (4.4 ± 0.6) × 10 9 dyn cm2                          (4) 

      

Following Coey [24] and Chikazumi [28] the uniaxial magnetoelastic anisotropy energy 

density 𝐾𝑢,𝑚𝑒 can be estimated as 𝐾𝑢,𝑚𝑒 = 32 𝜆 (𝜎∥) = −(2.2 ± 0.3) × 105 𝑒𝑟𝑔𝑐𝑚3 where 𝜆 =−34 × 10−6 is the polycrystalline Ni magnetostrictive constant [28], if the axial stress is the 

only one acting on our system. This result is almost twice the value derived from the 
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experiments in Eq. (3). Following Navas et al. and Dubois et al. [13,18] we propose that a 

transversal stress is acting, leading to  

𝐾𝑢,𝑚𝑒 = 32 𝜆(𝜎∥ − 𝜎⊥)                                 (5) 

The transversal stress can be estimated by equating (3) and (5). In this way we obtain 𝜎⊥ = (2.3 ± 0.9) × 109 𝑑𝑦𝑛𝑐𝑚3. This positive stress perpendicular to the NW axes has the same 

sign as 𝜎∥, which is consistent with an AAO matrix having an in-plane thermal expansion 

coefficient smaller than that of the Ni NW. Thus, the magnetic properties of the embedded 

nanowires, can be used as anisotropic stress sensor. The uncertainty ∆𝜎⊥ = 0.9 × 109𝑑𝑦𝑛/𝑐𝑚3 derives mainly from ∆𝛼𝑁𝑖 𝑁𝑊. However, the sensitivity of this magnetoelastic sensor is 

linked to the ability to detect changes in the anisotropy field. Two consecutive FMR scans 

can be differentiated if the resonance field shifts by 10 Oe. This would imply resolving Δ𝜎 ≅ 5 × 107 𝑑𝑦𝑛 𝑐𝑚2⁄ (0.005 𝐺𝑃𝑎) and strains of ∆𝜀 ≈ 3 × 10−5 (Supplementary 

Material). Our results suggest that the thermal expansion of the AAO membrane has an 

anisotropic behavior. 

In summary, we have presented structural and magnetic properties of self-supported 

nanocomposite membranes of nanoporous anodized alumina-Ni nanowires as a function 

of temperature. The Ni nanowires are ferromagnetic with easy magnetization axis parallel 

to the pore axis. We show by two independent techniques -FMR and magnetometry- that 

the measured anisotropy field of the nanowires decreases with decreasing T, opposite to 

the shape anisotropy (proportional to the magnetic moment of our samples). The 

departure of the anisotropy field from the shape anisotropy evolution with T can be 

attributed to magnetoelastic effects, the majority of which can be accounted for by the 

tensile stress on the nanowires caused by the negative AAO expansion. The transversal 

stress is estimated to be positive at low T, smaller than the tensile stress along the 

nanowires. In this way, the Ni NW behave as nanometric stress sensors. Independent 

measurements of perpendicular strains in these systems would be necessary to 

corroborate this result. 

 

SUPPLEMENTARY MATERIAL 

MPMS SQUID measurements of magnetic moment as a function of temperature, 

magnetization curves used for determining the magnetic anisotropy, analysis of FMR 
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spectra and their interpretation in terms of a uniaxial anisotropy field, AFM 

characterization, and estimation of sensitivity as differential stress sensor. 
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FIGURE CAPTIONS 

Figure 1: Left: SEM lateral image. Right: XRD spectrum of a AAO-NW sample (black), and a 
simulated Ni powder spectrum (red). 
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Figure 2: Magnetic moment as a function of the applied field (H) at room temperature, with H // and 
H ⊥ to the NW. 

Figure 3: Ferromagnetic resonance of Ni NW arrays for H// NW and H⊥NW, obtained at T = 120K 
(blue) and T = 300K (red). The resonant fields H∥ and H⊥ were obtained from the intercept of the 
absorption derivative with the high-field baseline. 
 

Figure 4: Anisotropy field of Ni NW in freestanding porous alumina membranes as a function of 

temperature, determined from SQUID magnetometry (squares) and ferromagnetic resonance 

(circles). The solid line is HAshape  as derived from the sample´s magnetic moment mS(T), 

(Supplementary Material), and Eq (2) 
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