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Abstract

The polarization P of thermal radiation emitted by a hot cobalt wire in the
temperature range from 7' ~ 400 K up to melting is studied for the first time.
The radiation is linearly polarized perpendicularly to the wire. P decreases from
30 % just above room temperature down to 6.5 % near melting and is continuous
across the martensitic hep—fee transition at T),, = 700K and across the Curie
point at T, ~ 1400 K. However, P shows a rapid decrease for T" 2 1000 K
and, contrary to previous measurements with tungsten wires, it hysteretically
behaves if the temperature change is reversed. This behavior is rationalized by
accounting for the thermal demagnetization of the wire with magnetic domain
size change.

Keywords: cobalt wire, thermal radiation, linear polarization,

demagnetization, hysteresis.

1. Introduction

The dynamics of the domain structure of magnetic materials has long at-
tracted a great deal of interest and is presently a field of intense research. The
domain wall (DW) motion is thoroughly investigated for its relevance in fun-

damental science and applications. Thermally activated ﬂ], magnetic field B]

*Corresponding author
Email address: armandofrancesco.borghesani@unipd.it (A. F. Borghesani)
1Present address: Dipartimento di Fisica e Scienze della Terra, University of Ferrara, and
Istituto Nazionale di Fisica Nucleare, Sezione di Ferrara, Ferrara, Italy

Preprint submitted to International Journal of Thermal Sciences May 8, 2020


Francesco



15

20

25

30

35

and/or current B] driven DW creep and flow, DW depinning M, B] or preces-
sional modes [6], thermally driven diffusive DW motio], thermally- or field
driven domain reversal EE], magnetic viscosity , ],

topics, are studied with a number of techniques in several samples of different

among many other

composition, size, and geometry because of their relevance in many technolog-

ical applications, e.g., for spintronics ], for magnetic recordings , and for
new sensors ], also including geophysics and paleomagnetism |16, ]

The coupling of radiation with the sample properties is exploited to inves-
tigate its domain structure and dynamics via the magnetooptical Kerr effect
(MOKE) |. As it is based on the rotation of the polarization plane and
intensity change of visible light reflected off a magnetic material, MOKE is lim-
ited to provide pieces of information on the material surface. For instance, the
surface domain structure, magnetization switching and reversal in amorphous
microwires under different experimental conditions have been succesfully stud-
ied by MOKE techniques M] Additionally, it is known that there exists
another magneto-optical effect, which leads to the magnetically induced depo-
larization of electromagnetic waves scattered off a plasma |25].

However, pieces of information on the bulk properties and structure of a
sample can also be gathered by investigating the properties of the thermal ra-
diation emitted by a thin metallic wire. Actually, a hot body at temperature
T and of size larger than the typical thermal wavelength Ay = he/kgT, where
h is the Planck’s constant, ¢ is the speed of light, and kg is the Boltzmann
constant, emits incoherent and unpolarized radiation. Nonetheless, if the phase
space available for the collective fluctuations of the electron gas is reduced by
geometrically limiting the radiator size, the thermal radiation acquires a degree
of linear polarization @] This fact is important because in recent years there
is an interest to produce nano-heaters and nano-light sources for engineering
and physics applications ] Recently, we have carried out measurements
of the linear polarization P of the radiation emitted by hot tungsten wires. We
have found that it is partially polarized perpendicular to the symmetry axis of

the wire because the thermally driven collective transverse fluctuations of the
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electron sea are limited by the wire boundaries and that its polarization degree
decreases from P =~ 30% for T =~ 500K down to ~ 15 % just before melting at
T ~ 3700 K. We have shown that the experimental behavior of P is reproduced
by computing the absorption efficiency of radiation impinging on a cylindrical
object of known radius and that it is intimately related to the bulk optical
properties of the material [30].

Therefore, we have decided to investigate the polarization of the thermal
radiation emitted by a thin cobalt wire in order to see if pieces of information
on structure and thermally driven dynamics of the magnetic domains of the
material can be obtained from optical measurements on a macroscopic sample.

Cobalt is primarily chosen because of its interesting magnetic and crystalline
properties. Its ferromagnetic-paramagnetic transition occurs at a Curie temper-
ature of T, ~ 1400 K. Moreover, it shows a martensitic transition at 7T;,, ~ 700 K
from the low-7" hep- to the high-T fee structure. At low temperature the hexag-
onal axis is the direction of easiest magnetization, whereas in the fcc phase at
high temperature the metal becomes isotropic B] As the present experiment is
carried out as a function of 7" up to melting, cobalt offers a unique opportunity
to investigate a rich realm of behaviors.

The present experiment, as it is carried out even at high temperature in-
cluding the Curie temperature of the sample, might provide helpful knowledge

for studies in the field of heat-assisted magnetic recording [32].

2. Experimental Details

The apparatus and the technique are the same used for investigating the po-
larization of the thermal radiation emitted by tungsten wires and are thoroughly
described in literature B] We recall here the main features of the experiment.
A 7mm long cobalt wire of radius Ry = 50 um (99.99 %+ purity, Goodfellow
Cambridge Ltd) is mounted in a nonmagnetic vacuum cell. The wire is heated
by an adjustable d.c. bias current that sets its temperature, which is linear in

the d.c. dissipation.
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The determination of the wire temperature follows the procedure outlined in
our previous paper on tungsten B] The energy transport equation, including
dissipation by both thermal conduction and radiation, is numerically solved by
making an educated guess for the temperature dependence of the material emis-
sivity, which for Co is not known. The wire emission is recorded as a function of
the Joule heat input W into the wire. When melting occurs, the melting tem-
perature fixes the parameter of the emissivity function. The temperature is then
computed as a function of the Joule dissipation. Once this is done, we check
that the measured wire resistance favorably compares with the one computed
by exploiting the known temperature dependence of the Co resistivity and the
previously established temperature-power input relationship. As a result, the
temperature turns out to be a linear function of the electrical power input

T=T. + (L‘%V[T) W (1)
in which Th; and Wj; are the temperature and electrical power input at melting,
respectively, and T is the room temperature. We estimate that the uncertainty
on T is &~ £10K [30]. A weak, low-frequency (f =~ 2Hz) a.c. modulation is
superimposed on the d.c. current to slowly modulate the wire temperature so
as to allow the use of lock-in (LI) detection techniques.

Two ZnSe lenses image the glowing wire onto a a liquid Ng cooled pho-
tovoltaic HgCdTe detector (Fermionics, mod. PV-12-0.5) of spectral range
0.5pum < XA < 12pum. The detector output feeds an amplification stage com-
posed by a transimpedance amplifier (Fermionics, PVA-500-10), a linear ampli-
fier (EG&G, PARC, mod. 113), and a LI amplifier (Stanford Research Systems,
mod. SR830) and is digitized and recorded by a P.C. for offline analysis. The
thermal radiation is analyzed by a ZnSe wire grid, infrared polarizer (Thorlabs,
WP25H-Z) mounted on a rotary goniometer. As f is very low, the LI output is
averaged for well over 60s for every position of the goniometer.

The intensity of the emitted radiation is the sum of the unpolarized I, and
of the polarized I, contributions I = I,, + I,. The analyzer always blocks one

half of the polarized component. The voltage output of the lock-in amplifier vy
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is proportional to the radiation intensity impinging on the detector and follows
the Malus law vy = v, + vy cos® (6 — 6p). v, x (1/2)I, and v, o I, are the
contributions to the output voltage due to the unpolarized and polarized radi-
ation components, respectively. 6 is the polarizer angle and 6, is an unessential
initial angle. A typical LI output v; as a function 6 is shown in Fig. [l The
average polarization degree is computed as the polarization contrast, defined in
any elementary textbooks on Optics, in which the factor of two extinction of the
unpolarized light component due to the analyzer has been taken into account

L, Up

P: =
L,+1, 2v,+v,

(2)

By using a second analyzer mounted perpendicularly to the first one we ascer-
tained that the polarization is always perpendicular to the wire axis. Thus, by

convention, P is taken as positive.
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Figure 1: Typical dependence of lock-in output v; vs. analyzer angle 6. The error bars

are of the size of the points. In this figure P = 25.6 % for a wire at T' ~ 1060 K. The

experimental run shown here has an overall time duration of ~ 3 hrs.
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Typically, the current modulation intensity is =~ 5% of the bias current.
However, we have checked that P is independent of the current modulation up
to a modulation amplitude close to 30 % of the d.c. bias current.

We would also like to briefly comment on the very different time scales in the
experiment that allow use to use LI detection techniques. The Co wire weighs
~ 5mg and its temperature follows any input power change on a time scale
extremely shorter than the period of the current modulation. A second time
scale is that of the whole apparatus. Once the constant bias current in the wire
is changed to reach a different temperature, the apparatus needs at least 0.5 hrs
to equilibrate. The polarization measurements are only started once the whole
apparatus is in thermal equilibrium as shown by the absence of any long term
drift in the data presented in Fig. [l For this reason, the wire environment is
completely decoupled from the rapid changes of the wire temperature occuring
in response to the weak and slow (2Hz) current modulation superimposed to
the bias d.c. current that sets the wire temperature.

Finally, as will be described in the next section, there is a much longer time
scale in the experiment that is related, in our opinion, to the slow thermally

driven dynamics of the wire magnetic structure change.

3. Experimental Results and Discussion

3.1. Phenomenology

We investigated several wires by subjecting them to two different thermal
histories. Some wires were kept for a long time each (of the order of 1 week) at
high temperature, close to melting, before their temperature was progressively
reduced. Wires of a second group, on the contrary, were increasingly heated from
room temperature up to melting. Within each group with the same thermal
history the repeatability of the results is quite good. For the sake of clarity we
only show the typical results obtained for the two different groups. In Fig. 2] P

is shown as a function of T for two wires with different thermal histories.
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Figure 2: Polarization P vs. temperature 1" for two cobalt wires with different thermal
histories. Line: theoretical expectation for a homogeneous bulk material, Eqn. @) [26].
Closed circles, open triangles, and closed squares belong to wires heated from room
temperature. Closed circles: initial heating process. Open triangles: cooling phase.
Closed squares: final heating phase. Open squares: polarization of wires annealed for
a long period at high temperature. For these wires the measurements were taken only
during cooling. The arrows indicate the thermal path. The error bars are shown on all
data points. Except for the lowest 7', the point size is comparable with or larger than
the experimental error. The martensitic temperature 7}, and the Curie temperature

Te are indicated by arrows.

At variance with the tungsten case @] in which P monotonically decreases
with increasing T, the cobalt wires show a hysteretic behavior. The results
obtained for wires annealed for a long time at a temperature T' &~ 1600 K are
shown in Fig. @ as open squares. For these wires, the polarization P of the
thermal radiation is rather small (P ~ 7 %) and remains practically constant

upon decreasing 7.
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On the other hand, wires which have been heated starting from room tem-
perature show a completely different behavior. Upon increasing 7" in the range
400K < T < 1100 K (closed circles in Fig.2l), P decreases from the theoretically
predicted value P = 33 % down to P = 25%. Here, the power input is progres-
sively reduced and T is decreased back to T =~ 650 K (open triangles). During
this backward path the values of P stay smaller than during the heating phase.
We believe that this behavior is due to a thermally driven, slow dynamics of
the rearrangement of the magnetic domain structure of the wires that will be
described next. Finally, the wire teperature is increased again (closed squares)
until melting is reached.

For T' 2 1000 K P rapidly decreases with increasing T' and, eventually, it
levels off at the same level of the long annealed wires for high 7. We note that
the time interval between two successive measurements is At ~ 24 hrs.

Additionally, we observe that P behaves smoothly when crossing both the
hep-fec martensitic transition at T, ~ 700K @] and the Curie temperature
T. ~ 1400 K.

3.2. Phenomenological model and results rationalization

The polarization of the thermal radiation emitted by a wire of homoge-
neous material can be predicted by computing the absorption efficiency factors
QQBSL()\, T, R) for transverse electrical (TE, 1) and transverse magnetic (TM, ||)
modes of the radiation field impinging on a indefinitely long cylinder of radius R
, @, @, @] provided that the dependence of the relative dielectric constant
g on T and A\ is known. For cobalt ¢, is given by a Drude-type form whose

parameters are given in literature |. The observed polarization is given

as a function of 7" and R by

(Qhe) — QL)
P(T,R) = ~Zabs/__1¥abs/ (3)
Q%) + Q1)

in which the average is taken over the accessible wavelength spectrum

1

Qi) = 3 [ PNBOTDIQL AT RN (=L, (1)
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B(\,T) is the Planck’s distribution, D(A) is the detector responsivity @], and
the normalization is F' = [ D(A)B(A, T) dA.
The total radiated intensity can be computed as

1= A[(Qh) + (@] )

in which A is an unknown constant that takes into account, among others, the
solid angle subtended by the source at the detector and must, in principle, be
determined by a fit to the experimental results.

The absorption efficiencies for the two modes (7 =L, ]|) are given by
Q. (\T,R) = 2 |pe a*+2§:af
abs\7" *> LR 0 — m
+ <|CL<T)|2 +2) |a’jn|2>‘| (6)
m=1

with k& = 27/A. The coefficients af, are obtained by enforcing the suitable

boundary conditions, thereby yielding

i __JnkR)Jn(kR) — ndy(nkR)J, (kR)
" (

(7)

Ay = 2y (8)

in which n = /g, is the complex refraction index, J,, and Hr(n2 ) are the Bessel
functions of first kind and the Hankel functions of second kind, respectively.
The solid line in Fig. @ is the prediction of Eqn. (B]) for a wire of nominal
radius Ry = 50 pym. Evidently, the prediction of P for a homogeneous material
completely disagrees with the experimental data, except at the lowest T" where
P =~ 30 % is a universal limit for Ay > R, independent of the material ] For
any other T, P is lower than predicted.

However, the polarization P computed according to Eqn. @) strongly de-
pends on R at any T as shown in Fig. Bl As R decreases, P decreases as well,
and, for very small R, it also becomes negative, i.e., parallel to the wire axis.
Upon decreasing R the phase space available to the transverse modes of collec-

tive charge fluctuations is shrinked and P gets smaller than in larger wires. For
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Figure 3: Polarization degree P vs. wire radius R computed for 7' = 500 K (closed
points) and for 7" = 1500 K (open squares). P > 0 indicates that the polarization is
perpendicular to the wire axis, whereas for P < 0 the polarization has rotated parallel

to the wire axis. The lines are an eyeguide only.

very thin wires the polarization direction can even rotate by /2 and become
parallel to the wire axis, yielding P < 0. We remind that in our experiment P
always remains perpendicular to the wire, i.e., P > 0.

At the same time, the computation shows that the intensity radiated per unit
wire surface j is practically independent of R and the total radiated intensity I o
2v,, + vp, which is the other experimentally measured quantity, is proportional
to R, I = jR. As a consequence, a bundle of N = Ry/R wires of radius R < Ry
would radiate the same intensity I as the larger wire of radius Ry but P would
turn out be smaller.

This observation suggests that the thermally induced demagnetization of the
cobalt wire might explain the observed behavior of P as a function of 7. Let us

consider the following very crude model depicted in Fig. [4]

10
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Figure 4: Crude model to rationalize the decrease of P with increasing 7" due to ther-
mally induced wire demagnetization. M: remanent magnetization. Dash-dotted lines:

range available for transverse modes of collective charge fluctuations.

Let us assume that the wire at room temperature consists of a dominant
magnetic domain with the magnetization aligned parallel to the wire long axis
because of magnetoelastic anisotropy resulting from the coupling between the
internal stresses due to the drawing production process and magnetostriction.
Clearly, the fine structure of the magnetic domains depends on several fac-
tors including, among many others, geometry, magnetic history, and mechanical
stresses of the material B] Nonetheless, we believe that the present simplified
model is adequate for our purposes.

The transverse modes of charge fluctuations can span the whole wire diame-
ter (left part of Fig. H]). Upon increasing T', thermally driven DW motion takes
places and a domain with reversed magnetization grows larger in order to reduce
the magnetic energy (right part of Fig.H]). As the typical thickness of the DW is
much larger than the typical electron wavelength at the Fermi level @], the DW
offers a enhanced resistance @] across the wire. This impedance mismatch
at the DW would produce reflection of the collective charge fluctuations trans-
verse modes thereby shrinking their available spatial range and lowering the long

wavelength cutoff. In such a way P is reduced but the radiated intensity would

11
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remain the same. By increasing T, this process keeps occurring, thereby leading
to a further subdivision of the wire in gradually thinner magnetic domains.

We believe that the DW motion is thermally driven diffusion H] for several
reasons. Current-driven DW motion is ruled out because it requires current den-
sities at least in excess of ~ 10 — 100 A /m? B, @] whereas in our experiment
the maximum current density is < 1.8 x 108 A/m?. Moreover, in the present
case the current is flowing parallel rather than perpendicular to the DW’s. Mag-
netic field-driven DW motion is also ruled out because the wire is mounted in a
magnetic material free environment. The only magnetic field in the experiment
is generated by the current itself flowing in the wire, lies in planes perpendicular
to the wire axis, and does not exceed the value H &~ 4kA /m at the wire circum-
ference for the highest current used in the experiment. Moreover, as the typical
time scale for a polarization change to occur in our experiment is 7 ~ 10°s, the
estimate of the strength E of activation energy barriers for thermal activation
of magnetization reversal would yield E/kgT > 35 B], a value which seems
quite too large. Additionally, we note that diffusive DW motion may show a
hysteretic behavior [1] as observed in our experiment.

According to the present model, we can estimate the radius R(T) of the
wires in the bundle by solving for R the equation P(T, R(T")) = Pexp, where
P.yp is the measured polarization value, as shown in Fig.[Bl The resulting R is
shown as a function of T in Fig. Within the conceptual framework of this
model, R can be thought of as an estimate of the average transverse size of
the magnetic domains. Upon increasing 1" from room temperature, R decreases
from the nominal value of 50 um down to ~ 10 um. After the polarization drop
for T ~ 1100K, during the cooling phase, R shows hysteresis by remaining
smaller than during the initial heating. Upon the final reheating, R steadily
decreases and reaches the value R ~ 1 pum just before melting. This behavior
is coherent with a thermally induced demagnetization process of the sample as
detected in several different types of measurements [16, [17, 120, I51].

Additionally, it is interesting to note that at high temperatures around and

above the Curie temperature T, the polarization of the thermal radiation emit-

12
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Figure 5: Radius of the wires in the bundle R(P) computed from the measured P vs.
T. Solid line: nominal wire radius. Closed circles: initial heating. Triangles: cooling

and reheating. Closed squares: final heating. Arrows: thermal path direction.

ted by wires with different thermal history becomes equal. According to the
Weiss’ view, the paramagnetic phase consists of a large number of small, ran-
domly oriented magnetic domains whose boundaries still limit the range of the
collective fluctuations of the electron gas. This, in our opinion, might be the
rationale of the observed low value of the polarization degree at high tempera-
ture.

At the same time, according to our expectations, the total radiated intensity
I should be insensitive to the bundle structure and should only depend on T
Actually, this is the case, as shown in Fig. [l where the measured I is compared
with the theoretical prediction I o (Q4 )+ (ngs> evaluated at the temperature
dependent radius R shown in Fig. The agreement between experiment and

theory is relatively satisfactory.

13
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Figure 6: Total LI output v, +2v, vs. temperature 7. Closed point: experiment. Solid
line: computed total radiated intensity I. The normalization factor A in Eqn. [ is

chosen so as to minimize the deviations from the experimental points.

4. Conclusions

We have presented in this paper the experimental measurements of the polar-
ization degree of the thermal radiation emitted by thin Co wires. An unexpected
behavior, compared to the polarization trend measured in tungsten wires, has
been observed and reported here for the first time. Moreover, we have suggested
a possible explanation of the experimental outcome to be traced back to a pro-
gressive, thermally driven sample demagnetization leading to a decrease of the
transverse size of the magnetic domains as the wire temperature is increased.

We are well aware that the crude model we have devised is very speculative
and is only supported by indirect observations. However, we emphasize the
fact that no experiments of this kind with a magnetic material have ever been

carried out.
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As a conclusion we can thus state that optical measurements on macroscopic
magnetic materials can shed light on the temperature evolution of the magnetic
domain structure of the material itself. Actually, the piece of information that
this kind of measurements can provide is only macroscopic and, in some sense, of
thermodynamic nature because it does not give any insight into the microscopic
structure of the sample. At the same time, we would like to emphasize that
the present results are quite satisfactory even taking into account the extreme
sensitivity of the magnetic material properties to, among others, composition,
manufacturing, annealing, and ageing of the sample.

Future development based on the study of the polarization of the thermal
radiation emitted by ferromagnetic and paramagnetic samples could take ad-
vantage of the presence of a strong, orientable and static magnetic field driving
the domain nucleation. These studies, in addition to the opportunity to test the
crude model presented in this manuscript, could furthermore lead to the use of

this method for investigating the bulk properties of micro- and nano-specimens.
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