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We present a few significant advances in methods and concepts of magnetic measurements, aimed both at
providing novel routes in the characterization of hard and soft magnetic materials and at improving our basic
knowledge of the magnetization process. We discuss, in particular, investigation methods and experimental
arrangements that have been developed in recent times for: 1) Hysteresis loop determination in extra-hard
magnets by means of Pulsed Field Magnetometry; 2) Broadband observation of domain wall dynamics by high-
speed stroboscopical Kerr techniques; 3) Entropy measurements in magnetocaloric materials by calorimetry in
magnetic field. While pertaining to somewhat independent fields of investigation, all these measuring
techniques have in common a solid approach to the underlying physical phenomenology and have a potential

for further developments.
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1. Introduction

Study, processing, applications, and commerce of mag-
netic materials all call for precise measurements. These
must rely on solid physical foundations and, when close
to applications, they must be traceable to the appropriate
standards. The appearance of novel physical phenomena
and new or improved materials, and the development of
increasingly fast digital methods in measurement control
and data acquisition/handling have brought about new
challenges and opportunities in magnetic measurements.
For example, the modern rare-earth based extra-hard per-
manent magnets cannot be exhaustively tested using the
standard electromagnet based approach, which is limited
by the saturation of iron [1,2]. The Pulsed Field Mag-
netometry (PFM), where the specimens can be subjected
to transient fields high enough to bring the material to
saturation, has therefore been developed as a viable alter-
native.

The compelling need for high-frequency magnets, driven
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by their increasing applications in devices converting and
manipulating electromagnetic signals up to the GHz range,
calls for physical insight into the magnetization process
under such extreme conditions. Recently introduced ultra-
fast magneto-optical techniques [3] permit one to directly
observe the time dependent magnetization process down
to picosecond resolution [4]. Early damping of domain
wall relaxation with increasing frequency is observed in
thin metallic plates if rotations can simultaneously occur
[5].

For magnetic compounds with Curie temperature close
to room temperature, appreciable entropy variation can be
obtained under a changing magnetic field. It is the mag-
netocaloric effect. Magnetic refrigeration is therefore en-
visaged and, with this prospective goal in mind, a number
of special measuring techniques have been developed to
study the magnetocaloric phenomena [6-8].

We shall provide in the following a discussion on recent
results regarding PFM, magnetocaloric, and fast magneto-
optical investigations. We shall look, in particular, at the
physical insight gained by application of these techniques,
besides highlighting their technical features and perspec-
tives. They find common ground in their objective of
providing novel information, assessed in a solid physical
framework, on the phenomenology of materials having
somewhat extreme or special properties: very high coerci-
vities, high magnetocaloric effect, very low losses at high
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frequencies, etc.. While a description of the present state
of the art in magnetic measurements would be outside the
limited scope of this review, the selected examples will
possibly convey trends and ideas lying behind recent
advances in experimental methods, an indispensable step
in the road to improved materials and applications.

2. Pulsed Field Magnetometry in
Permanent Magnets

Rare-earth based materials, the most performing per-
manent magnets nowadays available, are endowed with
very high coercivities, typically exceeding 1 x 10° A/m,
and can be characterized only to a limited extent using the
standard methods, which call for closed circuit configu-
ration with an electromagnet [1, 2]. This limitation occurs
because the iron yoke can saturate before reversing the
magnetization of the permanent magnet under test, there-
by engendering poor flux closure and strongly inhomo-
geneous field in the gap. Sufficiently high homogeneous
fields can actually be achieved by open sample measure-
ments using a superconducting field source, but imple-
mentation of a magnetometer (either of vibrating sample
or extraction types [9]) using this source is of little appeal
from the industrial viewpoint, given its intrinsic com-
plexity and the high running costs of liquid helium. It has
therefore been suggested that a conventional room-
temperature solenoid, supplied in a transient mode by the
discharge of a condenser bank, can provide high-strength
homogeneous field, by which all present-day industrial
rare-earth based magnets can be brought to saturation [10,
11]. A Pulsed Field Magnetometer (PFM) can therefore
be built around this principle. It consists of a solenoid
source, by which a magnetic field of peak amplitude
around several MA/m can be applied to the test specimen,
a number of suitable pick-up coils, and a high-resolution
system for acquisition and treatment of the detected signals.
The field pulse can either be a simple transient, by which
the magnet is brought to saturation and, subsequently, to
the remanent state, or of oscillating damped type, leading
to a sequence of hysteresis loops of progressively de-
creasing amplitude [12]. Fig. 1 illustrates two possible
configurations of a PFM setup, as developed for testing
permanent magnets according to a magnetometric (Fig.
la) and a fluxmetric (Fig. 1b) approach, respectively [13].
For the specific apparatus of Fig. 1, a 170 mm long
exciting solenoid of inductance L = 0.85 mH and bore
diameter 50 mm has been employed. The peak field
strength, obtained for an oscillatory pulse of period 7' =
11 ms (see Fig. 1) at the time ¢ = 7/4, can be as high as 6
x 10° A/m, sufficient to achieve the practical saturation of
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Fig. 1. (Color online) PFM setups for the measurement of the
hysteresis loop in permanent magnets according to the mag-
netometric (a) and fluxmetric (b) methods [13].

the rare-earth compounds, according to the rules pre-
scribed in the ASTM and IEC Standards [1, 2]. With the
configuration of Fig. la, the magnetic moment m of a
small spherical sample (diameter D = 2-4 mm) is mea-
sured versus time upon the application of the oscillating
field pulse H,(7). To this end, the flux ® = k,m linked to a
high-aspect ratio calibrated axial pickup coil of known
constant k, surrounding the specimen is measured. Instru-
mental to the precise determination of m is a very fine
compensation of the linked air flux @, = Ax,H,, where A
is the turn-area of the pickup coil. To this end, coaxial
coils, placed far enough from the sample, are connected
in series opposition to the sensing coil. The measurement
is performed with and without the sample and numeri-
cally subtracting the obtained figures. Setup calibration is
obtained by measuring a sample of known magnetic
moment, in this case a Ba-ferrite sphere, previously tested
in a calibrated VSM setup. The applied field is obtained
by measuring the air-flux linked to a further axial coil.
The fluxmetric configuration shown in Fig. 1b is applied
to cylindrical/parallelepipedic samples, with maximum
diameter/lateral size limited by the bore size. In this case
the induction derivative dB(¢)/d¢ at midplane is detected
by a few-turn localized coil, directly wound on the sample
(wire diameter around 0.1 mm), and H,(¢) is obtained as
in the previous case. The setup is completed by low-noise
signal amplifiers, high-resolution synchronous A/D con-
verters, and software, eventually leading to the (B, H.x)
and (J, H.g) hysteresis loops, with magnetic polarization J
and effective field H.¢ given by

J(t) = (B(1) = tH,(1)/(1 = <Ng>)

He(1) = Hy(1) = (SNo>/ 146)J(1) (1)
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The quantity <Ns> stands for the demagnetizing factor
<Ng4>=1/3 and for the fluxmetric demagnetizing factor at
sample midplane in the magnetometric and fluxmetric
measurements, respectively.

A merit of the PFM approach to permanent magnet
testing is that of bringing to light the time effects in the
measurement. Such effects, generally neglected in standard
measurements, where the involved cycling period can run
from a few ten to a few thousand seconds, become ap-
parent on passing to the few millisecond measuring time
of the PFM method. They are related to the thermal fluc-
tuation aftereffect (magnetic viscosity) and, in sufficiently
large and conductive samples, to eddy currents. The fluc-
tuation aftereffect defines the phenomenon of thermally
assisted magnetization reversal, generally interpreted in
terms of a random internal fluctuation field of thermal
origin. With shorter measuring times the measured coerci-
vity H, does slightly increase. On comparing the 7> 100
s with the 7'~ 10 ms experiments in a range of hard mag-
nets, we find that such an increase AH,, is proportional to
H.,, according to the law AH,, = 7 x 10 H, [13]. This is
what we find for insulating materials (e.g. hard ferrites)
and small conducting samples (i.e. the Nd-Fe-B and Sm-
Co cylinders with diameter D < 10 mm). With larger
conducting samples the eddy currents engender a further
coercivity increase AH... An example is provided in Fig.
2, showing the PFM loops measured in differently sized
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Fig. 2. Hysteresis loops measured in spherical (magnetomet-
ric) and cylindrical (fluxmetric) samples of a same Nd-Fe-B
compound. A measurable increase of the measured coercive
field, due to eddy currents, is observed in the 13 mm diameter
sample.
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samples of a same Nd-Fe-B magnet. The D = 13 mm loop
is slightly swollen by eddy currents. It is noted a transi-
tion at remanence, due to a magnetically soft surface
layer, the smaller the sample the larger the kink. It is
remarkable, however, that using a classical calculation,
the effect of eddy currents on the loop shape can be easily
corrected in cylindrical samples, where an analytical for-
mulation for the eddy current field <Hcq4y(f)> is obtained
[13]. The parametric equations for the eddy-current free
hysteresis loop are obtained as

J(l) _ LB(t) — :uOHa(t) — :uO<Heddy(t)>J
1 -<Ng>

<Nd>

0

Heff(t) = Ha(t) -

J(t) + <H 40, (1)> . 2

Fig. 3 shows an example of retrieval of the hysteresis
loop, as it would be obtained with a long measuring time,
from the fast PFM loop in the case of a very large
diameter Nd-Fe-B cylinder (D = 28.5 mm).

In the case of very fast magnetization dynamics, direct
information of the magnetization process can be achieved
by time resolved high-speed magneto-optics, as discussed
in the next Section.
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Fig. 3. (Color online) The hysteresis loop determined by PFM
in a 28.5 mm diameter Nd-Fe-B cylindrical sample (conduc-
tivity o= 6.95 x 10° Q\m™) is corrected for the combined
effects of magnetic viscosity and eddy currents and the long
measuring time (7> 100 s) loop is retrieved. This is compared
in the second quadrant with the return curve obtained by the
standard closed circuit method.
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3. Fast Magneto-optics: A Direct Approach
to the High-frequency Magnetization
Process

The direct observation of the magnetic domains by the
magneto-optical Kerr technique stems from the rotation
of the plane of polarization of a light beam upon reflec-
tion from the surface of a magnetic sample. The amount
of rotation depends on the relative directions of the local
magnetization and the plane of incidence of the incoming
light [14]. By this technique one can obtain something of
a local hysteresisgraph, probing the magnetic hysteresis in
regions as small as the microscope resolution A/2n, where
A is the wavelength used, and # is the objective numerical
aperture. But one can also proceed to acquire real time
images of the magnetization evolution, an option made
possible by the development of fast digital image process-
ing. To note the possibility of making vector measurements
[15] and depth-selective microscopy [16], which increase
the amount of information. The latter, in particular, per-
mits one to observe the domain structure at a given depth
(within about 50 nm maximum depth). An obvious draw-
back of the Kerr analysis is the 50 nm maximum penet-
ration depth of the visible light, which may not be a pro-
blem, however, in many thin film and thin plate samples,
where surface and bulk domain structures coincide.
Visible light also entails a maximum spatial resolution
around 300 nm. This limit can be overcome, for example,
with X-ray circular dichroism experiments [17].

The study of magnetic materials at high working fre-
quencies is indispensable for a multitude of applications,
propelled by the increasing need for the highest speed in
detection, conversion, transmission, and general manipu-
lation of electromagnetic signals. In doing so, one event-
ually approaches ferromagnetic resonance and, beyond
that, a waning material response. The investigation of
magnetization dynamics at high frequencies starts from
the Landau-Lifschitz-Gilbert (LLG) equation, which
describes the magnetization precession and the effect of
damping on its motion. One of the first accomplishments
of the stroboscopic methods has been the direct obser-
vation of the magnetization relaxation according to the
LLG dynamics [18]. By investigating in the frequency
range were stroboscopic methods can be applied we
observe dynamical effects similar to those we are familiar
with in the quasi-static regime, such as domain wall
motion or nucleation of domains, but we also encounter
new phenomena that require new theoretical approaches,
such as fast switching by magnetization precession [19]
[20], spin waves (magnetostatic, exchange, ...) [21], (Whose
spectrum can be continuous, or discrete in structured
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samples [22]), interaction of spin waves with domain
walls and/or with spin polarized currents [23].

In a stroboscopic setup [24] the sample surface is
observed during a very short time interval, whose position
along the magnetization cycle is suitably imposed via a
trigger signal, synchronous with the magnetizing field. In
order to attain acceptable signal-to-noise ratio, the ex-
position is repeated during successive cycles, under the
same trigger conditions, and averaging is performed. The
time delay is then changed and the procedure repeated at
another point along the period. It has been shown that
using exposition times of the order of the laser pulse length
(~107" s) one can investigate spin relaxation processes in
great detail [25]. It is stressed that the requirement of
repeatable magnetization process upon successive cycles,
indispensable for applying the stroboscopic method, is
typically satisfied at high frequencies. In a widely used
stroboscopic method (Fig. 4), a pulsed light beam is split
into pump and probe beams. The pump beam is used to
trigger the system excitation, using a photodiode or an
Auston switch. Once closed, the circuit sends a voltage
pulse into a waveguide that generates a pulsed exciting
field. At the same time, the probe beam is used to per-
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P
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-
Fig. 4. (Color online) Stroboscopic wide-band setup (top) and

camera-based (bottom) for time-resolved magneto-optical
observations.
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form the magneto-optical observation. The light sources
commonly used are pulsed lasers, whose pulse width can
reach values as low as 0.030 ps. The observation is per-
formed on the sample surface by scanning it with a piezo-
driven stage, acquiring at each spot the Kerr amplitude
and reconstructing the magnetic image at a given field
[26].

Stroboscopic methods based on the triggering capacities
of the camera are possible, especially if the camera uses a
gateable image intensifier (Fig. 4). This increases the light
sensitivity and works as an extremely fast shutter, with
aperture times as low as 50 ps. We are therefore in a
position to investigate the magnetization dynamics beyond
the MHz range, for example via coplanar waveguides.
Most successfully investigated materials were in the past
the YIG garnets, through polar Kerr effect. YIGs are still
of interest today, because their low damping constant
allows for spin wave propagation upon distances of the
order of a few mm [27]. A wide variety of materials are
nowadays investigated, both as continuous films and
patterned samples.

Time-resolved experiments in real time with nanosecond
time resolution have led to the observation of the Walker
breakdown in nanostrips [28]. In another experimental
breakthrough, stroboscopic observations have been com-
bined with pulsed inductive microwave magnetometry
(PIMM), where the precessional dynamics of the magneti-
zation is reconstructed by means of an inductive mea-
surement at the same time as the Kerr measurement is
performed [29]. The magnetic response can then be ana-
lyzed in the frequency domain, finding the resonance
frequency as a function of a given DC field.

It is interesting to apply fast magneto-optic methods to
novel materials and physical phenomena, like in the case
of quantum dots (QD). Here Kerr spectroscopy with pico-
second optical pulses has been performed [30]. Femto-
second pump-probe has also been applied to QD en-
sembles, where the pump pulses induce global coherent
spin precession [31].

At very low timescales, the interpretation of the data is
still not completely obvious. In the case of ultrafast
demagnetization via femtosecond laser excitation [32], we
have an out of equilibrium process with abrupt change of
the magnetic properties of the material. In such a case the
Kerr signal might possibly have weak connection with the
local magnetization, because of the non-equilibrium elec-
tron distribution created by the pump pulse [33].

Very thin amorphous laminations, usually obtained in
ribbon form, are a class of materials of great industrial
interest, but we still lack a complete understanding of
their magnetization properties in the MHz-GHz range. We
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Fig. 5. As frequency takes the values =20 kHz, 50 kHz, 200
kHz, 2MHz, the area covered by domain wall displacements
along a half-period (peak polarization value J, = 150 mT)
decreases. This is shown by the evolution of the differential
magneto-optical images taken on a transverse anisotropy (K,
= 50 J/m®) Coy,Fe,B,5Si;, amorphous ribbon with the camera-
based setup shown in Fig. 4. The white and dark areas, cor-
responding to the regions covered by domain wall motion
upon cycling (J, = £ 150 mT) are observed to shrink with
increasing f.

know that the loss mechanisms active in this class of
materials can be strongly influenced by magnetic aniso-
tropy induced by field annealing at mild temperatures
(250 °C - 300 °C). By creating, in particular, an anisotropy
axis perpendicular to the ribbon length (i.e. to the applied
field), we can obtain, especially in Co-based alloys, a
combination of high permeability and low losses far
superior to the one exhibited by the conventional Mn-Zn
and Ni-Zn ferrites in a range of frequencies spanning
from DC to 1 GHz [5, 34]. The key to this remarkable
behavior is assumed to lie, besides the low value of the
macroscopic magnetic anisotropy, in the progressive re-
laxation of the domain wall displacements with increasing
frequency, their role being taken up by rotational pro-
cesses. Direct observations of the domain wall dynamics
versus frequency performed by fast stroboscopic Kerr
method, permit one to validate this assumption, as
illustrated by the image sequence shown in Fig. 5.

4. Calorimetry and the Magnetocaloric
Effect

The possibility to develop refrigeration techniques in
the solid state has directed numerous efforts towards ex-
isting or prospective materials with ferro-caloric effects,
where the entropy can be changed by an external action,
like the applied stress, the electric field, or the magnetic
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field [35]. The magnetocaloric effect descends from the
dependence of the system entropy s(H,,T) on the temper-
ature T and the applied magnetic field H,. In ferromagnets
both the ferromagnetic exchange and the applied magnetic
field contribute to create ordered spin configurations with
low entropy. The magnetic field induced entropy change
Asiso(H,) is thus found to be maximum at the magnetic
phase transition temperature [36]. Gd,Si,Ge,, La(FeSi)3,
and FeMn(PSi) with first order magnetic phase transitions,
have been extensively studied for applications around
room temperature [37-39].

To determine the magnetocaloric effect, several methods
are employed. i) Magnetic measurements M(H,, T), where
the isothermal entropy change As;, is computed integrat-
ing the Maxwell relation ds/dH, = podM/dT [40]. This
method applies well to systems with second order phase
transitions, but it is not appropriate to transitions with
temperature hysteresis [41]. ii) Adiabatic methods, where
the temperature change AT,y due to magnetic field is di-
rectly accessed [42]. iii) Calorimetry in magnetic field. In
this case the specific entropy variation is computed from
the measured heat flux ¢,, by the expression

5 — 5o = j; %d;, 3)

where T is the sample temperature. This technique has
the advantage that both As;,, and AT,4 are obtained from
the s(H,, T) plot. From the experimental viewpoint, the
heat flux calorimetry is appropriate in the presence of
phase transitions of the first kind with latent heat. For use
under magnetic fields generated by electromagnets, perma-
nent magnets, and superconducting solenoids, many adap-
tations of the heat flow calorimetry principle have been
proposed, including the use of miniaturized Peltier cells
as heat flux sensors for samples of a few milligrams [43-
46] and microcalorimetry chips for very small mass
samples of a few micrograms [47, 48]. Peltier cells, with
thermoelectric material generally made of (Bi-Sb),(Te-
Se); type semiconductors, are characterized by a propor-
tionality factor between the measured voltage, vp, and the
heat flux, ¢;, in the range 1-2.0 V/W and the typical heat
flux sensitivity is around 1 pW. To determine the s(H,,7)
diagram, the heat flux ¢, to the sample can be measured
either by temperature changes (temperature scan experi-
ments) or magnetic field changes (isothermal experiments)
[49]. The sample temperature 7 is evaluated measuring
the temperature 7 of the thermal bath as 7; = T- Rq,,
where the thermal contact resistance R is a known quan-
tity. The entropy s(H,,T) is computed from a temperature
scan experiment under different magnetic fields using Eq.
(3) and the relative vertical position of the curves is
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Fig. 6. (Color online) Entropy versus temperature under mag-
netic field measured by Peltier calorimetry on La(FeMnSi);3-H
prepared by Vacuumschmelze GmbH. Lines are given by tem-
perature scan experiments, points are field scan experiments.

determined by isothermal experiments As(H,)7—const, Where
the magnetic field is changed at the constant temperature.
Fig. 6 shows an example of measurements on hydro-
genated La(FeMnSi);; prepared by Vacuumschmelze
GmbH. These measurements were compared with other
methods in [50]. Isothermal measurements of the entropy
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Fig. 7. (Color online) Magnetic field induced entropy change
measured by Peltier calorimetry on a BaCog¢2Zn; 33Fe 5027
single crystal. The picture shows the spin reorientation contri-
bution to the entropy change Asy obtained after subtraction of
the ordinary effect from the measurement (after [51]).



Journal of Magnetics, Vol. 18, No. 3, September 2013

change are also a sensitive method to characterize spin
reorientation transitions [49, 51]. The entropy change as-
sociated with spin reorientation in transition metal oxides
is generally very small (i.e. less than 1 Jkg'K™") and is
hardly measurable by temperature scanning experiments,
because it is superimposed to a large baseline due to
uncompensated heat flux. On the contrary, the entropy
difference between parallel and perpendicular magneti-
zation can be obtained by measuring the entropy change
induced by a magnetic field perpendicular to a local easy
direction. In Fig. 7 we show experiments on a W-type
ferrite single crystal of composition BaCoy¢,Zn; 35Fe 16027
prepared by CNRS-Satie [51]. The magnetic field induced
entropy change is due to the superposition of the ordinary
magnetocaloric effect, proportional to dMy/dT, and spin
rotation contribution Asg proportional to dK,/dT. After
subtracting the first term [49, 51], we obtain the change
Asg = 0.18 Jkg "K' between the low entropy easy plane
state and the high entropy easy axis state.

5. Conclusions

We have reported about recent studies in experimental
magnetism, focusing on physical insight and applicative
perspectives. We have thus shown how by applying the
Pulsed Field Magnetometry we can overcome the limita-
tions posed by the standard test methods in the full
characterization of the modern extra-hard rare-earth based
permanent magnets. It is remarked that in this way the
time effects, often neglected in the conventional measure-
ments, can be brought to light and an encompassing view
of the permanent magnet characterization can be obtain-
ed. We have then emphasized the increasingly powerful
grasp of the dynamic features of the domain structure that
can be achieved, up to microwave frequencies, by the
development of fast magneto-optical techniques. Finally,
we have touched upon the remarkable property of certain
magnetic compounds of displaying a large entropy varia-
tion around room temperature and the array of measuring
techniques for measuring its magnetic field dependence
(magnetocaloric effect). By these techniques, one is not
only able to bring forth new information on first-order
and second-order magnetic phase transitions but can
realize a platform for practical magnetic refrigeration.
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