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Abstract
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In this study, we investigate the temperature- and temperature gradient-dependent
magnetization reversal process of individual, single-domain Co39Nig; and FesNigs
ferromagnetic nanowires via the magneto-optical Kerr effect and magnetoresistance
measurements. While the coercive fields (H¢) and therefore the magnetic switching fields
(Hsw) generally decrease under isothermal conditions at elevated base temperatures (Thase),
temperature gradients (A7) along the nanowires lead to an increased switching field of up
to 15% for AT = 300K in Co39Nig; nanowires. This enhancement is attributed to a stress-
induced, magneto-elastic anisotropy term due to an applied temperature gradient along the
nanowire that counteracts the thermally assisted magnetization reversal process. Our results
demonstrate that a careful distinction between locally elevated temperatures and temperature
gradients has to be made in future heat-assisted magnetic recording devices.

Keywords: magnetic nanowires, nanoelectronics, magneto-optical Kerr effect

(Some figures may appear in colour only in the online journal)

Magnetic memory devices are the workhorses of modern dig-
ital data storage [1]. The first commercial magnetic hard disk
drives were introduced in 1957 by IBM [2] and held a storage
capacity of 2kb in~2. Since then, tremendous progress in the
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optimization of magnetic memory devices has been made to
the extent that in 2014, Seagate [3] announced a device with
a memory capacity of 826 Gb in~2. However, the main reason
for this track record is the continuous down-scaling of the geo-
metrical single magnetic bit unit sizes, which is restricted by
the superparamagnetic limit. Accordingly, reliable data storage
is inhibited below a certain particle size because the thermal
activation energy induces random bit flipping. Driven by the
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need to overcome this limit, alternative concepts for future
magnetic data storage have emerged. One of the most dis-
tinct approaches is heat-assisted magnetic recording (HAMR)
[4, 5], where the shape or crystal anisotropy enhances the
magnetic switching fields, Hsw, (and therefore the coercivity,
Hc) and suppresses the superparamagnetic limit, while a
heating laser pulse that decreases Hc for a short period of time
is used to allow for a magnetic bit writing process. In fact, for
highly anisotropic FePt HAMR devices, a data storage areal
density of 1.4 Tb in~2 has recently been demonstrated in a
laboratory environment [6].

Parallel to the efforts to incorporate heat pulses into magn-
etic memory devices, the research field of spin-caloritronics [7]
evolved, seeking a fundamental understanding of the interplay
between charge, spin and heat. While the HAMR technique
basically relies on induced magnetic switching at elevated
temperature pulses, temperature gradients were also found to
generate numerous spin-caloritronic effects. Currently, classical
thermoelectric effects in ferromagnetic materials systems are
quite well-established. The so-called spin-dependent Seebeck
effect has been observed in anisotropic magnetoresistance
(MR) [8, 9], giant MR [10, 11] and tunnel MR [12, 13] regimes.
The spin-Seebeck effect (SSE) [14, 15], which describes the
generation of a pure spin current due to a temperature gradient
in a ferromagnetic material, is currently under intense invest-
igation. Furthermore, the thermal spin transfer torque (TSTT)
has attracted much attention because the effect on the magnetic
switching behavior of magnetic tunnel junctions is three orders
of magnitude larger than its spintronic equivalent effect (the
spin transfer torque) can account for, due to charge currents
generated by the spin-dependent Seebeck effect [16].

In this study, we directly compare the influence of the
base temperature, Ty,e, and temperature gradients, AT, on
the magnetization reversal of ferromagnetic nanostructures.
Therefore, magneto-optical Kerr (MOKE) measurements and
MR measurements were performed on individual CoszgNig;
and Fe sNigs nanowires under an externally applied magnetic
field, poH, at different AT and Ty, values. We show that Hgwy
generally decreases with increasing Ty, While the magnetic
switching field of Co3gNig; nanowires increases for increasing
AT. We attribute this increase in Hgyw for increasing AT to a
stress-induced enhancement of the magneto-elastic anisotropy
and develop a simple approach to estimate the Hc values as a
function of the applied AT.

Cylindrical ferromagnetic nanowires with an average
diameter of 150 nm and lengths of up to 30 um were grown by
template-assisted electrodeposition into self-ordered, nano-
porous alumina (AAQO) membranes [17]. Two types of soft
magnetic alloy nanowires—FesNigs and CosgNig—were
synthesized according to previously followed procedures
from Salem et al [18] and Vega et al [19], respectively. Prior
to electrodeposition, the internal walls of the alumina mem-
branes had been coated with an approx. 10nm thick layer of
Si0, by atomic layer deposition [20, 21]. The SiO, cover layer
protects the nanowires from oxidation and additionally sup-
plies mechanical stability when the nanowires are suspended
in ethanol after being released from the AAO template by
selective chemical etching.

Two types of micro-devices (A and B) were designed to
measure the optical and electrical properties of the individual
nanowires (figures 1(a) and 2(a), respectively). Therefore, the
suspended nanowire/ethanol solution was applied dropwise to
a 150 pm thick quartz substrate, and the micro-devices were
defined by laser beam lithography followed by a metallization
process [9].

Micro-device A consists of two Ti/Pt lines—one at each end
of the nanowire—which are not in electrical contact with the
nanowire (figure 1(a)) and which have been simultaneously
used as heater lines and as resistive thermometers. DC currents
up to 10 mA generated temperature gradients via Joule heating
in the heater line, which led to temperatures up to 680K at the
hot thermometer and 380K at the cold thermometer. Hence,
temperature gradients, A7, up to 300K were generated along
the nanowire (figure 1(b)). We note that the actual temperature
difference along the nanowire is slightly below the measured
temperature difference, because the nanowire is about 1 pym
shorter than the distance between the thermometers.

Micro-device A was used to measure the coercive fields of
Co39Nig; and Fe sNigs nanowires as a function of the applied
temperature gradients via the longitudinal MOKE [22]. A
NanoMOKE™?2 from Durham Magneto Optics equipped with
an (45°) incidence continuous wave-laser light with a power
output of 1.9 mW and with an in-plane focused spot size of
approximately 3 pm was used. Alternating magnetic fields
up to £-0.08 T could be applied with a quadrupole magnet in
the plane of incidental beam of light and thus parallel to the
nanowire axis, as described in detail by Vega et al [19]. With
a distance of approx. 500nm between the nanowire and the
heater line, the estimated maximum Oersted fields induced by
the heater lines to the nanowire were in the order of 1074 T
and could be excluded from having an impact on the magneti-
zation reversal of the nanowire. Furthermore, the temperature
rise due to the incidental laser beam could be neglected in
this study due to an estimated heating of less than 1K. The
recorded hysteresis loops show no deviation whether the laser
spot was focused on the wire’s edges or on its center, and the
square-like MOKE hysteresis curves exhibited symmetric
Barkhausen jumps for Fe;sNigs and the CosgNig; nanowires.
In figure 1(c), the hysteresis loop of the Co39Nig; nanowire
measured at Ty,e = 300K and for AT = 0K was exemplarily
given with a coercive field of 424 G. Due to the low signal-to-
noise ratio, it became necessary to successively average data
over several hundred single shot hysteresis loops.

Micro-device B (figure 2(a)) corresponded with the typical
experimental setup [9, 23] for measuring the thermopower,
S (8 = Uy/AT, with Uy, being the thermo-voltage induced
by the temperature gradient AT), of nanowires. The micro-
device consisted of one resistive heater line (yellow) and two
resistive thermometers (red and blue for the hot and cold ther-
mometer, respectively). For the thermoelectric characteriza-
tion, applied DC currents flowing through the resistive heater
line generated a temperature gradient along the nanowire.
Employing both resistive thermometers, AT was determined,
and Uy, was measured along the nanowire. For a general char-
acterization of our sample we determined the resistivity, p, and
S of the nanowires. Resistance measurements were conducted
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Figure 1. MOKE measurements: (a) the experimental setup for the MOKE measurements is sketched on a scanning electron microscopy
image of the utilized micro-device A. The nanowire is surrounded by two Ti/Pt lines, which are not in electrical contact with the nanowire
and serve as both Joule heaters and resistive thermometers, simultaneously. An external magnetic field was applied parallel to the nanowire
axis, and a linear polarized laser beam was focused on the nanowire for longitudinal MOKE measurements as a function of the applied
temperature gradient. (b) The temperatures at both resistive thermometers Ty and To1q and the resulting temperature difference AT are
shown as a function of the DC heating current /yeqer, Which is supplied to the Joule heater. (c) Hysteresis loop of a Co3gNig; nanowire
measured at room temperature and without an applied temperature gradient. The nanowire (gray rod) and its magnetization (black arrow)

are sketched for the upper and lower branch of the hysteresis curve.

in a four-point measurement geometry, for which we used the
hot and cold thermometers (figure 2(a)) as the electrodes. We
observed metallic p(7)-curves for both material systems with
room temperature values of p(Fe sNigs) = 34.5 pf2 cm and
p(Cosz9Nig) = 19.7 €2 cm, which are higher than the corre-
sponding bulk literature values of p(Fe sNigs, bulk) = 14 u£)
cm and p(CozgNigy, bulk) = 11 u£2 cm [24]. These enhanced
resistivity values of the nanostructures compared to bulk mat-
erials are commonly observed and attributed to the nanocrys-
talline nature of the electrodeposited nanowires [25]. The
thermopower of Fe|sNigs and Co3gNig; nanowires is displayed
as a function of Ty, in figure 2(b). At 300K, we measured
S(Fe sNigs) = —32 uV K~! and S(Co3oNig) = —26 uV K.
For comparison, Co and Ni bulk samples have a thermo-
power [26, 27] of S(Co) = —30, 8 1V K~! and S(Ni) = —18,
4 uV K1, respectively while the Fe-Ni bulk samples [28]
showed a room temperature thermopower of S(Fe—Ni) = —35
uV KL

Additionally, micro-device B was also used to determine
the temperature-dependent coercive fields of Cos3gNig; and
Fe sNigs nanowires. In a probe station setup, we therefore
performed MR measurements with the externally applied

magnetic field up to 0.5 T parallel to the nanowire axis and in
the temperature range from 290K to 350 K. Distinct resistance
jumps on the order of 50 mS2 can be observed at the switching
field values as exemplarily shown for a Fe;sNigs nanowire
with a coercive field of 178 G (figure 2(c)).

For AT = 0K, Hc for Fe|5Nigs as well as CozgNig; nanow-
ires decreased in the MR measurements with increasing Ti,se
(figure 3(a)). The reduction of the temperature normalized
coercive field, taken as the coercivity measured at any temper-
ature referred to the value at T = 300K, (Hc(T)/Hc(300K))
for Fe;sNigs nanowires (4% from 300K to 350K) is slightly
steeper than for the one of Cos3gNig; nanowires (1% from
300K to 350K). Such decrease in Hc¢ value with increasing
T was a consequence of the thermally assisted switching pro-
cess—the basic concept of HAMR devices.

In a next step, Hc of the Co3gNig; and Fe;sNigs nanow-
ires as a function of AT was investigated in the NanoMOKE
setup. Longitudinal MOKE hysteresis loops for Co3gNig; and
FesNigs nanowires were measured with applied AT between
0K and 300K along the nanowire axis, and the applied
magnetic field poH parallel to the nanowire axis as shown in
figure 3(b). For Fe;sNigs nanowires, we observed a decrease
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Figure 2. MR and thermopower measurements: (a) micro-device B for measuring the thermopower, S, consists of one heater line (yellow)
and two resistive thermometers (red and blue) that are in electrical contact with the nanowire. Additionally, MR measurements were
performed on this device with an external magnetic field, poH, parallel to the nanowire axis. (b) S, as a function of the temperature,

T, for CozgNig; and Fe;sNigs nanowires. (c) MR (MR = (Ry — Ro)/Ry) as a function of pioH for Fe sNigs nanowires, measured at room
temperature and without applied temperature gradients. At the coercive field, Hc, a jump in the MR signal can be observed. The nanowire
(gray rod) and its magnetization (black arrow) are sketched before, during and after the magnetization reversal process at the corresponding

field values poH.

of Hc with increasing AT of 4% for AT = 100K. In contrast,
we surprisingly found an increasing Hc for increasing AT for
the Co39Nig; nanowires. This observation remained valid even
when we changed the material of the micro-device from Pt to
Au to exclude any influence by the electrical contact material
(figure 3(b)). Therefore, we conclude that the increase in Hc
with increasing AT has an intrinsic origin that counteracts the
average temperature-assisted switching mechanism.

To explain the unexpected Hc(AT) dependence of the
Co39Nig; nanowires, we will discuss possible origins in the
following, whereas we start with considering stress-induced
changes on the magnetic switching mechanism.

Our first hypothesis is an axial stress-induced enhancement
of Hc due to an increasing AT along the nanowire axis. To
establish an easy, quantitative model for Hc(AT), we start
with [29]

_ 2Kt

Hc
MOMS

cos(0)| (1)
with the vacuum permeability 1, the saturation magnetiza-
tion Mg, the angle O between external magnetic field poH
and the magnetization vector, and the effective anisotropy
constant K¢ of the nanowires, which is given by K ~.
Khape + Kme, With the shape anisotropy constant Kgppe and

the magneto-elastic anisotropy constant K,.. Note that we
neglect the magneto-crystalline anisotropy in our nanowire
because it is rather small regarding the magneto-crystalline
anisotropy constants [30, 31] of 5 kJ m~> and 7.5 kJ m~ for
Co39Nig; and FesNigs, respectively. Due to their high aspect
ratio, the magnetization of the nanowires and therefore their
magnetization reversal in the relaxed state without induced
stress are dominated by shape anisotropy. The shape aniso-
tropy constant of an infinitely long wire is given by [32]

1
*,U,()MSZ.

i @)

Kshape =
Using the literature values [32, 33] of the saturation magneti-
zation M(CosoNisp) = 1060 kA m~! and M(Fe,(Nigg) = 795
kA m~! a shape anisotropy constant of Khape(Co39Nig) =~ 350
kJ m~3 and of Khape(Fe15Nigs) ~ 200 kJ m 3 is obtained. The
magneto-elastic anisotropy constant is given by [34]

3
Kie = EAmeU-

Ame 1S the magnetostriction coefficient, and o is the axial
stress given by o = aconyreYAT. Here, Y is the Young’s
modulus (Yyicore ~ 209 GJ m~3), and aconire reflects the
thermal expansion coefficients [35] ac, = 13.0 - 10°° K1,

3)
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Figure 3. Temperature- and temperature gradient-dependent
coercive fields of Co3gNig; and Fe;sNigs nanowires: (a) temperature
normalized coercive fields Ho/Hc(Tyase = 300K) for Cosz9Nig;

and Fe;5Nigs nanowires as a function of T}, and with AT = 0K.
(b) Ho/Hc(AT = 0K) for CozgNig; and Fe sNigs nanowires as a
function of the applied AT at Ty,se = 300K. Black dots correspond
to a CosgNig; nanowire contacted with platinum leads, blue dots
correspond to a Fe15Ni85 nanowire contacted with platinum leads,
and the red dots correspond to a CosgNig; nanowire contacted with
gold leads.

ani =134 - 107° K™!, and ap.=11.8 - 107® K~! of Co,
Ni and Fe at 300K, respectively. Thus, a temperature gra-
dient of 300K along the nanowire leads to a stress of about
(AT = 300K) ~ 800MJ m~> along the nanowire axis in
all investigated material systems. Now, for A7 = 300K
the relatively low magnetostriction coefficient [36] of the
FesNigs (Ame = —5 x 107%) leads to a minor contribution
of Kye = —6kJ m~3 even for the highest thermal stress, such
that Kefr = Kghape- For the Co3oNig; system with the ten-times
higher magnetostriction coefficient [37] Ape = 65 X 109,
however, we obtain Ky, = 78 kI m 2 for AT = 300K, which
is one order of magnitude higher than Kj,.(Fe;sNigs) and pro-
vides a significant contribution to the magnetic configuration
in the nanowire. In fact, for AT =300K and using equa-

tion (1), we obtain a relative change in the coercive field of

He(AT=300K)
Hc(AT=0K)

by the dashed line in figure 3(b). We find a very good agree-
ment between our estimation and the experimental data for
AT < 200K. At higher AT, the measured Ho(AT) deviates to
a less steep increase than that predicted by our model, which

= 1.22 for the Co39Nig; nanowires as indicated

we attribute to the heat-assisted magnetization reversal pro-
cess due to the elevated average temperature of the nanowire
caused by the high applied AT. For the CosyNig, the devi-
ation between the measured Hc(AT) and the calculated
Hc(AT) is 7% at AT = 300K. Performing the same estima-
tion of Ho(AT) for the FesNigs nanowire only yields a stress-
induced decrease of the normalized Hc to 0.97 at AT = 300K,
as shown by the blue dotted line in figure 3(b). As a result, the
heat-assisted switching process determines Hc(AT) for the
Fe5Nigs nanowires, and the measured Hc(AT) is significantly
smaller than the estimated values regarding the stress-induced
magneto-elastic anisotropy component, which leads to a dif-
ference of 20% between the measured Ho(AT) and the nor-
malized Hc(AT) estimated with our model at AT = 300K.
Extrapolating the Hc(Thase) (see figure 3(a)) of the nanowires
t0 Tpase = 600K (AT = 300K) gives a decrease of Hce(Tpase)
of 5% for the CosgNig; nanowire and 20% for the Fe;sNigs
nanowire, which is for both material systems in good agree-
ment with the difference between measured and calculated
values of Ho(AT) at AT = 300K.

Increasing Hc¢ with increasing AT for the CoszgNig; nanow-
ires due to increasing radial stress-induced by the nanowire-
core/Si0,-shell is unlikely because radial stress is also present
for the measurements with increasing base temperature, where
we observed a decreasing Hc for increasing Tpase.

To our knowledge, saturation magnetostriction Ag(o, T),
affecting the hysteretic behavior of ferromagnetic nanow-
ires has so far only been reported for nanowire arrays within
the template, which are exposed to uniform temperature
enhancements. Kumar et al [34] observed increasing Hc with
increasing T for Ni nanowires in an AAO template with a
thick Al backside. Due to the different thermal expansion
coefficients of Ni, AAO and Al, they calculated magneto-
elastic anisotropy constants between —42 kJ m—> and —96
kJ m3. Silva et al [38] investigated Co nanowires in AAO
templates and found that longer nanowire segments experi-
ence a stronger thermal expansion and therefore more stress
in the AAO templates for decreasing T than shorter nanow-
ires, which leads to change in the easy magnetization axis
from parallel to perpendicular direction to the nanowire axis
that occurs nearer to the electrodeposition temperature of
300K for longer Co nanowire than for shorter Co segments.
Pirota et al [39] intensified this study on Ni nanowires in
AAO templates and calculated (thermal) induced stresses
between —170 kJ m~3 for short (I = 0.5 pm) nanowires
and —780 kJ m 3 for longer (I = 2.2 um) segments.

Another effect that might have a noticeable influence on the
switching mechanism of magnetic nanowires under a temper-
ature gradient is the TSTT. It has been recently demonstrated
that the TSTT has a much higher effect on the magnetization
reversal characteristics of tunnel MR structures than the STT
due to a spin-dependent Seebeck effect accounting for [16].
One underlying mechanism for this observation in our sam-
ples geometry could be a pure spin current due to the longi-
tudinal SSE [15] that can have a stabilizing or destabilizing
effect on the magnetization of the nanowire and therefore
decreases or increases the coercivity Hc. Overall, we believe
that the interplay of the stress-induced contributions of the
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magneto-elastic anisotropy and an intrinsic thermally assisted
switching mechanism described in this work fits the data
accurately. Thus, we conclude that no major influences of the
TSTT and the longitudinal SSE are observed in these samples.

In summary, we synthesized CosgNig; and Fe;sNigs
nanowires to investigate temperature- and temperature-
gradient dependent magnetization reversal process of fer-
romagnetic nanostructures. Performing MR measurements,
we found that the magnetic switching fields (and therefore
their coercivities) decreased with increasing the base temper-
ature for both CosgNig; and Fe;sNigs nanowires. MOKE
measurements with applied temperature gradients at room
temperature showed a decrease in the coercive field values
for Fe;sNigs nanowires while Hc increases up to 5% per
100K for CosygNig; nanowires. We attribute this increase in
Hc for CosgNig; nanowires to a stress-induced enhancement
in the magneto-elastic anisotropy contribution to the effective
anisotropy due to an applied temperature gradient, and we
were able to fit the measured Hc(AT) increase with a simple
model. Our results highlight the quite distinct effects of ele-
vated temperatures and applied temperature gradients on the
switching fields and therefore on the magnetization reversal
mechanisms of ferromagnetic nanostructures and reveal the
challenges of future heat-assisted, magnetic recording device
design.
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