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Size effect and surface tension measurements in Ni and Co nanowires
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The effect of reduced size on the mechanical and elastic properties measured on 35 nm diameter Ni and Co
nanowires is presented and discussed. The stresses induced in the nanowires due to the different thermal
expansion constants of the metal and alumina change the magnetic properties of the nanowires, allowing one
to measure the effective Young’s modulus and the surface tension of the nanowires by means of simple
magnetometry. The Young’s modulus of the longer nanowire is higher than that of the shorter one that is
comparable to its bulk value. This effect is successfully attributed to surface tension effects.
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Metallic nanowires are among the most attractive
nanometer-sized materials because of their unique properties
that lead to a huge variety of applications, including inter-
connections in nanoelectronics; spintronics based devices;
and magnetic, chemical, optical, or biological sensors.!
Many physical properties of nanowires, and particularly the
magnetic behavior, strongly depend on the mechanical
stresses that such nanowires are subjected to. However, at the
nanoscale the mechanical behavior of materials is often dif-
ferent from that at the macroscopic scale since size effects
may control the plastic and elastic properties. In a classical
work, Shuttleworth clarified the concept of surface tension of
solids and its difference from the solid’s surface free energy.®
For liquids, the surface free energy and tension are equal. For
crystals, the surface energy is different from the surface ten-
sion. It is worth noting that there are very few experimental
measurements of surface tension of solids, and most values
reported in the literature arise from theoretical calculations.
Such calculations predict that surface tension values are of
the same order of magnitude of the surface energy values.’
Wessermann and Vermaak have experimentally determined
the surface tension value for silver from the measurement of
the lattice contraction in small Ag spheres as a function of
their radius by electron diffraction.® More recently, Web III
et al. determined, by molecular dynamic simulations,’ the
liquid-vapor surface tension of Al, Ni, Cu, Ag, and Au. Here,
the effect of reduced size on the mechanical and elastic prop-
erties measured on 35 nm diameter Ni and Co nanowires
(Iength ranging between 530 and 2250 nm) embedded into
an alumina matrix is presented and discussed. The stresses
induced in the nanowires due to the different thermal coeffi-
cient constants of the metal and alumina originates signifi-
cant changes in the magnetic properties of the nanowires.
This allows one to measure the effective Young’s modulus
and estimate the surface tension of the nanowires by means
of simple magnetometry. Most outstanding, in the present
work we found that Young’s modulus varies with the length
of the nanowire, which we have correlated to a surface ten-
sion effect.

The metal nanowires were prepared by filling the ordered
porous array of an alumina membrane. For all the magnetic
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measurements presented here, the nanowires were kept em-
bedded in the matrix, as deposited. The polycrystalline mor-
phological structure of the electrodeposited nanowires was
determined by x-ray diffraction and high-resolution transmis-
sion electron microscopy (HRTEM) measurements.

The fabrication of the anodized alumina membranes was
done following the two-step anodization process.'!' The an-
odization procedure was done using 0.3M of oxalic acid so-
Iution as electrolyte. The anodization voltage was kept at
40 V and the electrolyte temperature at 2 °C. The first anod-
ization time, which determines the final hexagonal order de-
gree, was 24 h for all samples. The second anodization time
was 2 h for all the samples, given a total porous length of
about 4.5 um. A final self-assembled array of nanopores is
obtained having long range ordering of hexagonal symmetry.
The Ni and Co nanowires growth into the pores of the anod-
ized alumina membrane (AAM) were carried out in a special
homemade electrochemical cell by a pulsed electrodeposi-
tion method, using the respective well known Watts bath
giving uniform arrays of nanowires with a diameter of
35 nm, arranged with hexagonal symmetry with a lattice
constant (or internanowire distance) of 105 nm. The elec-
trodeposition time, that determines the nanowires length, was
varied between 15 and 60 min. The length of the shortest
nanowires, corresponding to 15 min of electrodeposition
time resulted to be 530 nm in length while the longest one,
for 60 min electrodeposition, resulted in a length of 2250 nm
[estimated by the deposition time and confirmed by scanning
electron microscopy, as one can see in Figs. 1(a)-1(c), for
three samples used in this experiment]. Figure 1(a) corre-
sponds to 15 min of Ni electrodepostion that gives approxi-
mately 530 nm of nanowire length. Figure 1(b) shows a 1130
nanowire length (30 min electrodeposition) and Fig. 1(c)
corresponds to a 45 min electrodepostion (about 1700 nm
length). This is in good agreement with our electrodepostion
time calibration of approximately 37 nm length nanowire per
min deposition. Morphological studies were performed by
high-resolution scanning electron microscopy (LNLS, Bra-
zil). The magnetization measurements were performed in a
Quantum Design XL7 superconducting quantum interference
device magnetometer.
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FIG. 1. Nanoporous alumina template. HRSEM (high resolution
scanning electron microscopy) image of three different studied Ni
nanowires: (a) 15 min, (b) 30 min, and (c) 45 min of electrodepo-
sition time.

Figure 2 shows the hysteresis loops for the Ni nanowires
with 530 nm length at 300 and 4 K, as an example. Hyster-
esis loops with applied magnetic field parallel and perpen-
dicular to the nanowire axes are shown to identify the easy
anisotropy magnetic axis. As can be clearly seen, there is a
significant change in the magnetic anisotropy of the nano-
wires when the temperature increases from 4 to 300 K, indi-
cating a change of the magnetic easy axis from perpendicular
towards parallel to the nanowire axis. This phenomenon is
observed for all studied lengths. This trend is in agreement
with previous data observed in similar systems.'? In addition,
several studies have shown that the stresses seem to domi-
nate the increase of a transverse magnetic anisotropy when
temperature is decreased.'?

Figures 3(a)-3(d) show the temperature behavior of the
saturation field, defined as the magnetic field value to nearly
saturate the sample in a given direction, obtained from hys-
teresis loops taken at different temperatures. As in Fig. 2,
results are for the applied magnetic field both perpendicular
and parallel to the nanowire axis. We define the crossover
temperature as the temperature at which the saturation fields
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FIG. 2. Magnetization curves. Comparison of the hysteresis
loops for the Ni samples with 530 nm nanowire length for two
temperature values (300 and 4 K).
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FIG. 3. Saturation field behavior and crossover temperature.
Temperature dependence of the saturation field for Ni nanowires
with lengths of 2250 (a), 1700 (b), 1130 (c), and 530 nm (d), re-
spectively. The crossover temperature is considered as the tempera-
ture below which the magnetization is preferably oriented transver-
sal to the nanowire axes (e).

for parallel and perpendicular configurations intersect (below
the crossover temperature the magnetic easy axis is perpen-
dicular to the wire axis). As can be observed in Figs.
3(a)-3(d), all samples present a clear crossover temperature,
which is closer to room temperature for the 530 nm long Ni
nanowires and shifts towards lower temperatures as the
nanowire length increases. These results are summarized in
Fig. 3(e).

The effective anisotropy constant, K., can be evaluated
from the experimental magnetization loops as the difference
between the magnetic fields required to saturate the magne-
tization parallel and perpendicular to the wire axis:!'4

1
Koy = 5 moM(H™ = HY™), (1)

where woM, is the saturation magnetization and H?? and
HP"" are the values of the applied magnetic fields necessary
to saturate the magnetization perpendicular and parallel to
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FIG. 4. Temperature dependence of the effective magnetic an-
isotropy constant, for the arrays of Ni nanowires, with different
lengths.

the nanowires axis, respectively. The temperature depen-
dence of the effective anisotropy constant for the Ni nano-
wire arrays is observed in Fig. 4, where uoM;=0.64 T has
been considered. The points where K,; changes sign corre-
spond to the crossover temperatures mentioned above. The
values labeling the curves are the values for the anisotropy
constant at 300 K. Those values represent the energy needed
to be overcome to change the magnetic anisotropy configu-
ration of the nanowires. As discussed elsewhere!>!® magne-
toelastic energy dominates in this system. The induced mag-
netoelastic anisotropy arises from the difference between the
thermal expansion coefficients of embedded nanowires and
alumina. The induced stresses originating from this effect,
coupled to the negative magnetostriction of Ni, lead to a
magnetoelastic anisotropy that makes the magnetic easy axis
of the nanowires change from the parallel to perpendicular
direction as the temperature is decreased. Thus the above
defined effective anisotropy constant, K, owing to its mag-
netoelastic origin, can be expressed as

K=\ K (2)
= N R= £
o 2 s keff

where A, is the saturation magnetostriction constant of poly-
crystalline Ni taken as —33X 107%,!7 and o is an effective
induced axial stress, connected to the longitudinal strain as

Al
O-:EeffT’ (3)

where E, is the effective Young’s modulus of the nanowires
and Al/1 is the corresponding strain. Generally speaking, the
thermal expansion coefficient is temperature dependent, and
therefore the mentioned strain should be calculated using the
following integral:

T,
g: f an(T)dT, (4)

[ T,

i

where T; is 300 K, and Ty is taken as the crossover tempera-
ture. Aa (7) is the temperature dependent difference
QNi.Co-Qalumina- 10 perform such an analytical integral, a 9°
polynomial fit was previously performed in the curve Aa (7)
with data of Ni, Co, and alumina taken from the
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TABLE 1. Effective tensile induced stress o, effective strain
Al/1, and the effective Young’s modulus E, ., for Ni nanowires with
different lengths.

Length o

(nm) (Pa) Al/1X 107 E
530 -1.7x108 —7550.43 2.3x 10"
1130 -3.2%108 -10527.5 3.0x 10"
1700 -5.0x 108 -13989.4 3.6x 10"
2250 -7.8% 108 —-16 694.4 4.68x 10!

literature.'®!® The obtained results for all Ni samples are
summarized in Table I.

The induced strain in the nanowires actually denotes an
increase or decrease of its length, resulting in an increase or
decrease of its cross section. Surface tension effects can be
considered to account for the observed results. Following the
same reasoning as Cuenot et al.,'® the effective Young’s
modulus, E, ., is connected with the bulk’s one, Eyy, ac-
cording to the following relation that takes into account also
the material’s Poisson’s ratio and surface tension:

8 L?
E pp=Epu + 57(1 - V)E, (5)

where v is the surface tension of the Ni nanowires, v is their
Poisson’s ratio taken as 0.33,'7 and L?/D? is the squared
nanowires length divided by the third power of its diameter.
From Eq. (5) and plotting the effective Young’s modulus E,
versus the geometrical parameter L>/D3, a linear relation is
expected where a nonzero intercept with the ordinate axis
gives the bulk’s Young’s modulus E, . From linear fitting
one can get the contribution due to surface tension effect y as
shown in Fig. 5 for the Ni nanowires. The extrapolated Ni
bulk’s Young’s modulus is (2.2+0.4) X 10! Pa, comparable
with the values reported in the literature for magnetically
saturated Ni, 2.22 X 10'! Pa,!” while the value of the surface
tension for the Ni nanowires was of 2.0+0.4 J/m?, deter-
mined with a Poisson’s ratio of 0.33.

To the best of our knowledge, no data are available for the
surface tension of Ni in this temperature range; however, it
can be noticed that the obtained surface tension of Ni is
comparable to the published value of the surface tension in
the temperature range between 1800 and 2100 K
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FIG. 5. Effective Young’s modulus as a function of the geo-
metrical parameter, L?/D3, for the Ni and Co nanowire arrays.
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(1.6 J/m?),° as well as to the surface energy calculated by
Aldén et al.® (2.7 J/m?).

The same procedure was also applied to the Co nanowire
arrays. In this case, a value of —55 X 107° was taken for the
polycrystalline Co saturation magnetostriction constant.!”
The obtained effective Young’s modulus E, is presented in
Fig. 5. The Co bulk’s Young’s modulus was found to be
(1.6+0.2) X 10'"" Pa, comparable with the few values re-
ported in the literature, 2.0 X 10'! Pa.!” The value of the sur-
face tension for the Co nanowires was of 0.8+0.2 J/m? [with
a Poisson’s ratio of 0.31 (Ref. 17)] which is about one-half of
that for the Ni. To the best of our knowledge, as in the case
of Ni, no data are available for the surface tension of Co in
those experimental conditions. Aldén et al.?® discussed the
anomalous low surface energy values for some magnetic 3d
metals. In the case of magnetic Co, the system gives access
to an extra degree of freedom which in the surface region can
be utilized to further minimize the energy difference between
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a bulk and a surface atom, an effect that is not observed in
the case of Ni. As a result, the Co surface energy may be
strongly affected and appear anomalously lower than in the
case of Ni. Another effect that might be relevant in the Co
case is the larger magnetocrystalline anisotropy and detailed
studies are on the way to further address this issue.

In conclusion, the Young’s modulus and the surface ten-
sion of metallic Ni and Co nanowires with different lengths
ranging between 530 and 2250 nm (fixed 35 nm diameter)
was measured using a very simple magnetic characterization.
For longer nanowires, the measured Young’s modulus sig-
nificantly differs from that of the bulk materials. Calculations
of an effective Young’s modulus taking into account the sur-
face effects shows that the observed increase of the Young’s
modulus with the increase of length is well-explained by
surface tension effects. This model allows one the calculation
of the intrinsic Young’s modulus and the surface tension of
the probed material from the measured effective modulus.
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