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Chapter 1

Introduction

Recent research in magnetism is driven by a growing interest in investigating
ever decreasing sizes of magnetic entities. This trend started with the early
studies in magnetic thin films and later in magnetic multilayers [1]. Studies
on low dimensional and fine particle systems are basically concerned with
two aspects: (i) size reduction, where the focus is on how the reduced di-
mensions and confinement affect the macroscopic magnetic properties, and
(ii) the proximity effects, where the focus is on how the interactions between
magnetic entities can be controlled and understood to produce specific mag-
netic structures with artificially modified properties. In the former case, the
surface properties are important since the number of surface/interface atoms
become significant proportions of the whole structure. Subsequently, for a
better understanding of the effect of grain boundary/interfacial effect on
the magnetic properties, studies were more focussed on nanocrystalline iron
[2 - 5], nickel [5 - 13], cobalt [5, 14], terbium [15] and gadolinium [16 - 19]

etc.
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1.1 Nanocrystalline Elemental Ferromagnets

Gleiter [2] first reported a 40% decrease in saturation magnetization com-
pared to bulk iron for nanocrystalline iron with 6 nm grain size. This
behaviour was attributed to the differences in the magnetic microstructure
between nanocrystalline and conventional polycrystalline iron. In the case
of ultrafine particles (10 - 50 nm) of Ni, Co and Fe, Gong et al. [5] ob-
served a rapid decrease in saturation magnetization with decreasing grain
size, which they ascribed to antiferromagnetic oxide layer on the ultrafine
metal particles. Schaefer et al. [6] also noted a decrease in saturation mag-
netization in consolidated nanocrystalline Ni powder which they explained
in terms of structural disorder. Furthermore, Yao et al. [7] too found that
the saturation magnetization of ultrafine Ni particles decreases drastically
with decreasing grain size. Michels et al. [18] reported that the sponta-
neous magnetization of nanocrystalline Gd samples with an average grain
size of 33 nm was approximately 75% of the value for polycrystalline Gd.
All the above-said materials were prepared by consolidating nanocrystalline
particles produced by inert gas condensation technique, which yields ma-
terial with high internal porosity that can provide large surface areas for
oxide formation after exposing the sample to air. In contrast, Aus et al. [§]
reported that the saturation magnetization of nanocrystalline Ni was not
strongly dependent on the grain size and for nanocrystalline Ni with an
average grain size of 10 nm, the observed Mg was only 10% less than for
the polycrystalline Ni. These results were obtained on bulk nanocrystalline
Ni produced by electrodeposition and were explained in terms of negligi-
ble porosity and oxide formation in this material. These findings, that the

reduction in Mg is only 10%, is in agreement with the results of the cal-
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culations that assessed the effect of structural disorder introduced by grain

boundaries on the magnetic properties of nanocrystalline metals [20].

Bonetti et al. [4] have studied the magnetic properties of nanocrys-
talline Fe with an average grain size of 12 nm, prepared by mechanical
energy transfer technique through ball milling, using ac susceptibility, time-
dependent magnetization and the thermoremanent magnetization measure-
ments. A transition from a high-temperature ferromagnetic state to a low-
temperature disordered frozen magnetic state, observed at a characteristic
temperature, ~ 70 K, in nanocrystalline Fe, was attributed to the compe-
tition between the interfacial anisotropy brought about by the structural
disorder at the grain boundary and magnetocrystalline anisotropy. Never-
theless, the measured magnetization at 5 K for an applied field of 50 kOe

was very close to the saturation magnetization of bulk polycrystalline iron.

There have been a few other studies that concentrated on the spin struc-
ture at the grain boundaries of nanocrystalline terbium [15] and gadolinium
[16, 18]. Weissmiiller et al. [15] have studied the grain size and grain
boundary effects on various aspects of magnetic properties of nanocrys-
talline terbium, prepared by inert-gas codensation technique. A significant
reduction in magnetization and the remanence is observed at all fields and
temperatures as the grain size reduces. Their analysis of the autocorre-
lation function of the spin misalignment obtained by the small-angle neu-
tron scattering studies revealed that the spin orientation varies considerably
over the length scales smaller than the grain size. The correlation length
of spin-spin misalignment, [., calculated for nanocrystalline terbium with
an average grain size of 10(2) nm is ~ 2 nm at 5 K. The reduction in

magnetization and remanence, as Weissmiiller et al. [15] have concluded, is
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not due to a reduction in the atomic magnetic moment but results from the

spin disorder within the grain boundaries.

Michels et al. [17] have studied the grain size dependence of the ferro-
magnetic - to - paramagnetic transition temperature, T, of nanocrystalline
gadolinium, prepared by inert-gas condensation technique, using the dif-
ferential scanning calorimetry and ac susceptibility measurements. They
found that the reduction in T, AT, is inversely proportional to the grain
size and ATy ~ 20K for nanocrystalline Gd with an average grain size of
10 nm compared to the course-grain Gd. They have suggested that the
grain size dependent T in nanocrystalline Gd may have its root in the
interface stress, arising from the fact that the mere presence of the grain
boundary region induces an internal hydrostatic pressure, of the order of

1 GPa in 13 nm-sized nanocrystalline Gd.

Kruk et al. [16] have used Mdssbauer spectroscopy to study the effect of
spin structure of the grain boundary region of nanocrystalline gadolinium,
prepared by inert-gas condensation technique, on the magnetic properties
of nanocrystalline gadolinium. Mossbauer spectroscopy using the %°Gd
isotope, a unique local probe to investigate both the grain boundary and
crystalline component, allowed them to identify two structurally distinct
phases along with its volume fraction in nanocrystalline Gd. It is found that
15% and 25% are the volume fraction of grain boundary in nanocrystalline
gadolinium with the average grain sizes of 13 nm and 18 nm, respectively.
They found a correlation between the average grain size and induced strong
magnetic anisotropy in the nanocrystalline counterpart. At some critical
grain size, the Gd magnetic moments change abruptly their direction from

an angle of 20° characteristic of the course-grained sample to 73° for the
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nanocrystalline samples. The magnetic anisotropy driving this rotation is
attributed to the compressive stress that is induced in the crystalline compo-
nent by the interface stress of the grain boundaries, as suggested by Michels
et al. [17]. Méssbauer spectroscopy study also enabled them to identify that
the Gd magnetic moments in the core area of grain boundaries are randomly
oriented with respect to their local crystallographic axes. The smaller value
of the isomer shift of Gd in the crystalline component compared to that of
the grain boundary component indicated a lower s-electron density in the

core region of the grain boundary than in the grain interiors.

Michels et al. [18] have used the small-angle neutron scattering tech-
nique to probe the nature of both the interior and grain boundary regions of
nanocrystalline gadolinium, prepared by inert-gas condensation technique.
They found a clover-leaf-shaped anisotropy which suggests the presence of
a perturbed magnetization distribution originating from the core regions of
the grain boundaries [21]. The correlation length of spin-spin misalignment,
l., a measure of the average distance over which perturbations in the spin
structure decay, calculated from the autocorrelation function, varies on a
length scale (5 — 10 nm) smaller than the grain size. This nanoscale lon-
gitudinal magnetization fluctuations are, therefore, attributed to the grain

boundary induced spin disorder.

Shand et al. [19] have studied the magnetic properties and critical be-
haviour of nanocrystalline gadolinium, prepared by melt-spun technique.
The main observations and their interpretations given by Shand et al. [19]
are as follows. (i) The irreversibility in magnetization at low temperatures
and low fields, is due to the anisotropy. (ii) Failure to saturate magnetiza-

tion even at fields as high as 70 kQe, is attributed to the random anisotropy
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in each grain. (iii) Reduction in saturation magnetization and the ferromag-
netic - to - paramagnetic transition temperature, 7, is brought about by
the reduction in the nearest-neighbor coordination number even when a

uniform strain is observed in the XRD measurements.

In all these studies on nanocrystalline elemental ferromagnets, focused
on the finite size and proximity effect on the bulk magnetic properties,
yielded contradictory results which attracted different interpretations in
terms of spin misalignment, oxide layers and reduction in coordination
number at the grain boundary in nanocrystalline material. These con-
flicting results are an indication of the fact that the magnetic properties
of nanocrystalline metals can be tuned to a large extent by engineering the
grain boundary. Moreover, it is found that an extensive study of the spin
structure at the grain boundary were carried out only on rare earths such
as terbium and gadolinium, that too at a few temperatures such as 4.2 K
and 78 K. However, even these studies could not clearly bring out the exact
nature and type of spin structure of the grain boundaries in nanocrystalline

gadolinium and terbium.

1.2 Nanocrystalline GGadolinium

In order to study the exact nature of the intra-grain and interfacial anisotropies
and their effect on various thermodynamic properties, nanocrystalline gadolin-

ium is the correct choice for the following reasons.

e A fairly good knowledge about the spin structure in the grain-boundary

region exists.
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e The ferromagnetic - to - paramagnetic transition temperature, T,
of nanocrystalline gadolinium is expected to be much smaller than
Te = 293 K of the bulk counterpart [22]. Now that the T of
nanocrystalline gadolinium falls well below the characteristic temper-
ature of nanocrystalline system [23] (> 0.2 X T}e4ing = 316 K) above
which the grain growth starts, extensive measurements can be car-
ried out over an extended periods of time without the complications

arising from the grain growth during measurements.

e Nanocrystalline gadolinium is theoretically predicted [24] to be a po-
tential working material for room temperature magnetic refrigeration

applications.

As far as the room temperature magnetic refrigeration is concerned,
gadolinium metal is one of the working materials with maximum relative
cooling power (at T¢) near room temperature [25]. Efforts to replace Gd
metal as a prototype magnetic refrigerant material did not succeed so far.
There are Gd-based compounds [26] with higher relative cooling power, but
the operating temperature is far below the room temperature. Michels et al.
[17] have shown that the finite size can be used as a parameter to alter the
ferromagnetic - to - paramagnetic transition temperature, T and Shir et al.
[24] have theoretically predicted that the magnetocaloric properties will not
change with the nanocrystallization of gadolinium. Therefore, it is should be
possible to tune the working temperature with nanocrystallization without
affecting the relative cooling power. Nelson et al. [27] have tried to study
the magnetocaloric properties of nanocrystalline gadolinium prepared by
the homogeneous alkalide reduction method. Their study failed to explore

the possibility of room temperature magnetic cooling as the nanocrystalline
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gadolinium, prepared by the chemical root contained high level of impu-
rities (inherent to the preparation method), and hence turned out to be

superparamagnetic.

Critical evaluation of the literature available prior to the present
work

There were a lot of studies carried out on nanocrystalline elemental ferro-
magnets in order to understand the effect of crystallite size on bulk magnetic
properties such as magnetization and coercivity. Most of these results were
interpreted without having a proper understanding of the grain boundary
region and hence no wonder that these results are conflicting. Extensive
studies of spin structure in the grain boundary region were carried out only
on nanocrystalline gadolinium. These studies, employing Mdssbauer spec-
troscopy [16] and small angle neutron scattering [18] experiments, could give
some useful clues about the nature of the spin structure at the grain bound-
ary and that too only at a few selected temperatures. Reduction in the satu-
ration magnetization and the nature of interfacial anisotropy of gadolinium
is interpreted in terms of the random spins at the grain boundary. Mag-
netization process and ferromagnetic resonance studies on nanocrystalline
gadolinium, that could furnish additional information about the nature of
effective anisotropy, are lacking and so are the investigations of the effect
of grain size on the low-lying magnetic excitations, electrical- and magneto-
transport. The only attempt [27] to study the magnetocaloric effect in
nanocrystalline gadolinium was a failure due to the superparamagnetic na-
ture of the prepared sample. Due to the poor quality of grain boundary,
the theoretical prediction [24], that the nanocrystallinity does not affect the

magnetocaloric effect, could not be tested.
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1.3 Aim and Scope of the Thesis

In the light of the above appraisal of the literature, the main objectives of

the thesis are:
e To ascertain how the finite size affects the magnetization processes
and magnetic anisotropy prevalent in crystalline gadolinium.

e Use of the ferromagnetic resonance technique to establish the types of

anisotropies present in nanocrystalline gadolinium.

e To study the effect of size-reduction on the low-lying magnetic exci-

tations.

e To explore the possibility of using grain size to tune the magne-

tocaloric effect.

e Does the electrical- and magneto-transport in nanocrystalline gadolin-

ium differ from that in the crystalline counterpart?
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Chapter 2

Experimental Techniques

2.1 Sample Preparation

2.1.1 Inert Gas Condensation

A schematic diagram of the inert gas condensation [1, 2| setup is shown in
figure 2.1. 99.99% pure gadolinium, used as the starting material, is placed
in the tungsten boat. The chamber is flushed with helium gas (99.9996%
purity) several times and a 3 mbar pressure of ultra high pure helium gas is
maintained in the chamber, after pumping down to a vacuum better than
10~7 mbar using a turbo-molecular pump. Ultra-pure gadolinium metal
is evaporated at a temperature (> 1312°C) well above the melting point.
This temperature is monitored using a thermocouple, which is connected to
a temperature controller unit with a power supply to maintain the required
temperature to within a few degree Celsius. In the inert-gas-evaporation
process, the metal atoms effused from the source rapidly loose their energy

by collisions with the gas molecules, i.e., macroscopically the metal vapor is

13
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Figure 2.1: Schematic diagram of inert gas condensation setup.

cooled by the gas. The cooling rate, thus, depends on the collision mean free
path ( 107"m), which is, inturn, depends on the chamber gas pressure. Such
an efficient cooling produces locally a high supersaturation of metal vapor,
which leads to a homogeneous nucleation. The spontaneously crystalized
particles are drifted by the gas convection towards the stainless steel drum,
which is maintained at liquid nitrogen temperature (77K) and rotating at
a certain velocity. The ‘critical diameter’, x., for the spontaneously formed
single crystal particles, given by the simple equilibrium thermodynamics [1],

is given by
Xe = 4€[pRT In(p,/po)] ! (2.1)

where p is the density, R is the gas constant for the metal vapor at absolute
temperature T, £ is a material dependent parameter, and p,/py represents

the supersaturation ratio, i.e., the true vapor pressure, determined by the
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source temperature, T, divided by the equilibrium vapor pressure at the
actual temperature. Due to the rapid cooling of the metal vapor, y. is
expected to be extremely small. Once the nucleation has taken place, the
growth begins and this entire process occurs in a layer just above the hot
metal surfaces. In this preparation technique, the large particles are formed
at higher evaporation rates or, equivalently, at higher source temperature.
The average size and size distribution can be tuned by choosing appropriate

source temperature and inert gas pressure.

The condensed ultra-fine particles are then removed from the rotating
steel drum by the Aluminium scrubber and collected in the die with the
help of a funnel. The dye is then moved to a piston-and-anvil device, where
it is subsequently compacted in situ up to pressures as high as 5 GPa so as
to form discs of diameter 8 mm and thickness 0.6 mm. The density of the

resulting disc-shaped sample is approximately 99% of the bulk Gd [3, 4].

From the nanocrystalline Gd samples with an average grain size 12(2) nm
or 18(2) nm, synthesized by this technique, discs of 4 mm diameter, strips
of dimensions 2 mm x 2 mm and strips of 1 mm width and 6 mm length,
for magnetization, specific heat and resistivity measurements, respectively,
were spark-cut after completing the XRD, EDAX FESEM and AFM mea-

surements.
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Figure 2.2: Elements in an EDX spectrum are identified based on the energy
content of the x-rays emitted by their electrons as they (electrons) make
transitions from a higher-energy shell to a lower-energy one.

2.2 Compositional Analysis

2.2.1 Energy Dispersive Absorption of X-rays (EDAX)

Energy Dispersive Absorption of x-rays (EDAX) or Energy Dispersive x-ray
analysis (EDX) is a method used to determine the energy spectrum of x-
ray radiation emitted by a sample. It is a technique used for identifying the
elemental composition of the specimen in an area of interest thereof. The
EDAX attachment works as an integrated feature of a scanning electron

microscope (SEM), and cannot operate, on its own, without the SEM.

During EDAX analysis, the specimen is bombarded with an electron
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Figure 2.3: EDAX spectrum measured on Gd sample with the average grain
size of d = 12 nm. The inset shows the SEM micrograph.

beam inside the scanning electron microscope. The bombarding electrons
collide with the electrons of the atoms constituting the specimen, knocking
some of them off in the process. A position vacated by an ejected inner shell
electron is eventually occupied by a higher-energy electron from an outer
shell. To be able to do so, however, the transferring outer electron must
give up some of its energy by emitting x-rays of energy equal to the energy
difference between the outer and inner shells. The amount of energy released
by the transferring electron thus depends on which shell it is transferring
from, as well as on which shell it is transferring to. Furthermore, the atom
of every element releases x-rays with unique amounts of energy during the
transferring process. Thus, by measuring the x-ray energy spectrum emitted

by a specimen during electron beam bombardment, the identity of the atoms
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Figure 2.4: EDAX spectrum measured on Gd sample with the average grain
size of d = 18 nm. The inset shows the SEM micrograph.

from which the x-rays are emitted can be established. Therefore, the output
of an EDAX analysis is an EDAX spectrum. The EDAX spectrum is just
a plot of how frequently x-rays of some given energy are received by the
detector. An EDAX spectrum normally displays peaks corresponding to
the energy levels for which the most x-rays had been received. Each of
these peaks is unique to an atom, and therefore, corresponds to a single
element. The higher the intensity of a peak in a spectrum, the more the

concentration of the element in the specimen.

An EDAX spectrum plot not only identifies the element corresponding
to each of its peaks, but the type of x-rays to which it corresponds as well.

For example, a peak corresponding to the amount of energy possessed by
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x-rays emitted by an electron in the L-shell when it makes a transition to
the K-shell is identified as a K, peak. The peak corresponding to x-rays
emitted by M-shell electrons when it falls into the K-shell is identified as
a Kg peak, as shown in figure 2.2. The EDAX measurements were carried
out using Carl Zeiss Smarts SEM Field Emission SEM up to 20 KV bias
voltage over a ~ 30 x 30 um area at a number of regions. The one of the
many measured EDAX spectra for the 12 nm and 18 nm samples are shown

in figure 2.3 and 2.4.

2.3 Characterization

2.3.1 X-ray Diffraction (XRD)

Experimental Procedure

INEL CPS 120 x-ray diffractometer with Co-K,, radiation (wavelength=1.78956
A) was used to record the x-ray patterns of nanocrystalline metallic strips
in the position sensitive, fixed 20 mode (Fig.2.5). The requisites for such
an experiment are a radiation source, a monochromator to select a narrow
band of wavelengths and a filter to suppress unwanted radiation, a diffrac-
tometer with a sample holder, and a position sensitive radiation detector

with associated electronic equipment.

The principle of operation [5] of this diffractometer is illustrated in
Fig.2.6. The sample in the form of a thin strip is supported on a table,
which can be rotated about an axis O perpendicular to the plane of draw-
ing. S is the monochromatic line source of x-rays, obtained from the con-

tinuous spectrum by choosing specific reflection from the monochromator -
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Figure 2.5: A schematic depiction of X-ray diffractometer with curved po-
sition sensitive detector.

a single crystal. The monochromator can be rotated about an axis normal
to the plane of drawing. S is also normal to the plane of the drawing and
therefore parallel to the diffractometer axis O. a and b are the special slits
which define and collimate the incident beams. The diffracted x-ray beam
is again collimated by the slit F' and then enters the counter. The beam
from the x-ray monochromator contains not only the strong K,; but also
K,2 line. The intensity of K, is relatively weak (50%) compared to Ky
but the angular difference is only ~ 0.1°. By displaying the incident beam
on a florescent screen kept at a distance that can resolve K,; (brighter) and
Kao (lighter), K,o can be eliminated by carefully adjusting the monochro-
mator angle and the slit width. The beam diffracted by the specimen passes
through the receiving slit F before entering the counter and its width is kept
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Figure 2.6: Arrangement of soller slits in a diffractometer.

constant in the curved position sensitive (CPS) configuration. The width
of the beam admitted to the counter will decide the maximum intensity of

any diffraction line being measured.

Curved Position Sensitive Detector

The intensity of the diffracted beam is measured directly by the CPS de-
tector, which converts the incoming x-rays into electric pulses counted by
the x-ray detector covering the angle range 5 — 120° and placed concentric

with the circle centered on the thin specimens as shown in Fig.2.5.

CPS detector is working based on the principle similar to that used in
the gas counter. As shown in the inset to Fig.2.7, CPS detector consists
of a curved gas chamber that covers 120° of the circle with its center co-
incide with the sample position. The anode is a firm, curved, knife-edge
‘blade’. The cathode is curved and divided in to tiny, equal parts. the dif-
ferent sections of the cathode are connected by a delay line, which permits

to determine the position of the photons having penetrated the interior of
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Figure 2.7: Detection system in a diffractometer.

the detector. The detector is filled with gas mixture of Argon (85%) and
Ethane (15%) under pressure to increase the quantum efficiency. CPS op-
erates in a ‘streamer’ mode, which is known for its stability, incomparable
signal-to-noise ratio and gain. The detector is placed under an intense elec-
tric filed. When a photon interacts with a gas atom, the gas atom gets
ionized. This causes the release of electrons, which are accelerated by the
electrical field and ionize other atoms. The electrical charges created in
this process are then collected by the cathode. The electrical charges are
dispersed along both directions of the delay line, and are collected by two
pre-amplifiers, which transforms these charges into impulses of current. Be-
cause of the focussing of the diffracted rays and the relatively large radius
of the diffractometer circle, (about 15 cm), a diffractometer can resolve very

closely spaced diffraction lines. Indicative of this is the fact that resolution
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Figure 2.8: Room temperature XRD patterns taken on nanocrystalline Gd
samples with average grain size (a) 12 nm and (b) 18 nm. The minor
Gdy O3 peaks (marked by asterisks) emanate from the oxidized surface layer
(see text). The insets display the atomic force micrographs recorded in the
dynamic mode.

of the Co K doublet, if K, is present, can be obtained at 26 angles as low as
about 40°. Such resolution can only be achieved with a correctly adjusted
instrument, and it is necessary to so align the component parts so that the
following conditions are satisfied for all diffraction angles:

1. Line source, specimen surface, and receiving-slit axis are all parallel.

2. The specimen surface coincides with the diffractometer axis.

3. The line source and receiving slit both lie on the diffractometer circle.
Figure 2.7 shows the block diagram of the detection system of a diffrac-

tometer.
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The XRD patterns, corrected for the background counts, are shown in
figure 2.8 for the nanocrystalline (nc-) Gd samples with an average grain
size of 12 nm and 18 nm. The intensities and positions of the Bragg peaks
in the XRD pattern recorded are compared with the one generated using
the relevant space groups reported in the literature [6] and indexed. The
ratios of the Bragg peak intensities corresponding to the hcp structure of
Gd are close to those expected in a powder diffraction pattern. Hence,
the observed patterns suggest that the crystallographic directions change
randomly from one grain to the other, i.e., the samples are polycrystalline
in nature. Employing a detailed lineshape analysis that accounts for the
crystal strain and corrects for the instrumental linewidth before making use
of the well-known Scherrer formula, the average grain size calculated from
the full-width-at-half-maximum of the diffraction peaks at higher angles
turns out to be d = 12(2) nm and d = 18(2) nm for the two samples. The
lattice parameters determined for the d = 12 nm and 18 nm nc-Gd samples
are a = 3.625(5) A, ¢ = 5.780(5) A and a = 3.630(5) A, ¢ = 5.775(5) A,
respectively. These values are close to those a = 3.629 A, ¢ = 5.760 A
reported [6] for bulk Gd.

2.3.2 Scanning Electron Microscopy (SEM)

The primary limitations of SEM, as a general imaging and analytical tech-
nique, are the restrictions imposed on the samples by requiring a high vac-
uum sample environment. Samples have to be clean, dry, and electrically
conductive. The Environmental SEM (ESEM) [7] permits one to vary the
sample environment through a range of pressures, temperatures and gas

compositions. It retains all the features of a conventional SEM, but removes
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the high vacuum constraint on the sample environment. Wet, oily, dirty,
non-conductive samples may be examined in their natural state without
modification or preparation. The ESEM offers a high resolution secondary
electron imaging in a gaseous environment of practically any composition,

at pressures as high as 50 Torr and temperature as high as 1500° C.

Description and Working Principle

A SEM consists of an electron column, that creates a beam of electrons; a
sample chamber, where the electron beam interacts with the sample; detec-
tors, that monitor a variety of signals from the beam-sample interaction;
and a viewing system that constructs images from the signal, as shown in

Fig. 2.9.

An electron gun at the top of the column generates the electron beam. In
the gun, an electrostatic field directs the electrons, emitted from a very small
region on the surface of an electrode, through a small spot called crossover.
The gun then accelerates the electrons down the column towards the sample
with energies typically ranging from a few hundred to ten thousand volts and
generated electron beam has stable and sufficient current and the smallest
possible size. The electron emerge from the gun as a divergent beam. A
series of magnetic lenses and apertures in the column focuses the beam into
a demagnified image of the crossover. Bottom of the column has a set of
scan coils which deflects the beam in a scanning pattern over the sample
surface. The final lens focuses the beam into the smallest possible spot on
the sample surface. Then the beam exits from the column into the sample
chamber. The chamber incorporates a stage for manipulating the sample,

a door or airlock for interacting and removing the sample. As the beam of
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electrons penetrate the sample, they give up energy, which is emitted from
the sample in a variety of ways. Each emission mode is potentially in a

signal form which creates an image.

Imaging Principle

SEM uses a simple imaging device based on a Cathode Ray Tube (CRT).
A CRT consists of a vacuum tube covered at one end (the viewing surface)
with light emitting phosphor, and at the other end, an electron gun and a set
of deflection coils. The CRT gun forms a beam of electrons and accelerates
it towards the phosphor. The deflection scans the beam in a raster pattern

over the display surface. The phosphor converts the energy of the incident
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electrons into visible light. The intensity of the light depends on the current
in the CRT electron beam. By synchronizing the CRT scan with the SEM
with the scan modulating the CRT beam current with the imaging signal,
the system maps the signal point onto the viewing surface of the CRT, thus

creating the image.

The SEM micrographs, recorded on d = 12 nm and 18 nm nc-Gd sam-

ples, are shown as insets in Fig.2.3 and 2.4.

2.3.3 Atomic Force Microscopy (AFM)

The Atomic force microscope (AFM) is a high-resolution version of scan-
ning probe microscope (SPM), where a small probe scans across the sample
surface to obtain information about the surface morphology. The informa-
tion gathered from the interaction of the probe with the surface reveals the
physical topography. SPA400 Seiko AFM in the dynamic force mode is used

in this work.

Basic Principle

The scanning force microscope was invented by Binning et.al. in 1986 [§].
Scanning force microscope measures the forces acting between a fine tip
and a sample. Figure 2.10 schematically shows the basic concept of Atomic
force microscopy. The tip attached to the free end of a cantilever is brought
very close to a sample surface. Attractive or repulsive forces resulting from
the interaction between the tip and the surface cause a positive or nega-
tive bending of the cantilever, detected by means of a laser beam which is

reflected from the back side of the cantilever.
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Figure 2.10: Schematic diagram of AFM.

Mode of Operation

Dynamic Force Mode: In dynamic contact mode, the probe cantilever
is oscillated at or near its resonance frequency. The oscillating probe tip
is then scanned at a height where it barely touches or taps the sample
surface. The system monitors the probe position and vibrational amplitude
to obtain topographical and other surface property information. Accurate
topographical information can be obtained even for very fragile surfaces.
Optimum resolutions are about 50 A lateral and < 1A height. Images for
phase detection mode, magnetic domains, and local electric fields are also

obtained in this mode.

The atomic force micrographs, shown as insets in Fig.2.8, do support

the nanocrystalline nature of the samples.
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2.4 Physical Property Measurement

2.4.1 Ferromagnetic Resonance (FMR)

FMR Experimental Set-up

To record the FMR spectra for a given sample, a commercial JEOL - FA200
ESR spectrometer, which operates in the X-band of the microwave frequen-
cies, has been used. The block diagram of the spectrometre is given in Fig.

2.11.

Besides the electromagnet, the instrument is equipped with a pair of
secondary coils and a sweep generator to give a wide field scan. The coils
are usually required to supply an oscillating magnetic field of maximum
amplitude 5 Oe and frequency of 110 kHz. The arrangement serves two
main purposes. First, it provides a modulator or chopper frequency to
which the detector amplifier system may be tuned in order to improve the
signal-to-noise ratio. Second, use of this arrangement allows the spectrum
to be displayed in the derivative mode, which, in turn, facilitates accurate

determination of the linewidth and resonance center.

A cavity resonator [9] is placed between the pole pieces of an electromag-
net, which produces a steady and uniform magnetic field. This field can be
swept by sweep generator at a constant rate and is modulated at 110 kHz.
The instrument also consists of the microwave unit, Automatic Frequency
Control (AFC) circuit, preamplifier, and gunn oscillator power supply which
are all housed in a single unit. A klystron tube, which is tunable over a
narrow range with frequency stabilization system is used to generate the

microwave radiation which passes as a linearly polarised beam through a
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Figure 2.11: Block diagram of the ESR spectrometer.

wave guide. After traversing through a ferrite isolator, which prevents back
reflections, the beam is divided at a magnetic tee or hybrid tee. One part of
which is fed into a phase shifter and another part into the cavity resonator
through a circulator. The sample in a cavity is subjected to the microwave
field applied perpendicular to the applied field. At resonance, the sample
absorbs energy from microwave field, which results in the change of Q-value
of the cavity resonator. This Q-value variation is detected, amplified and
recorded when the magnetic field is varied while the microwave frequency is
kept constant. An absorption signal having a discernable width is observed.
In addition, if an ac magnetic field having the same direction as H and
with an amplitude smaller than the absorption signal width is applied to
magnetic field H, and when the field is varied, the detected output at each
point on the absorption signal will form a sinusoidal wave having the same
period as alternating field and an amplitude in proportion to the gradient

of the absorption line.
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A selective amplifier amplifies this sinusoidal wave and the phase is de-
tected throughout the absorption signal width. The amplifier employs a
narrow bandwidth which reduces noise and therefore facilitates the obser-
vation and recording of extremely weak absorption signals. Since the crystal
noise output is inversely proportional to modulation frequency, the appli-
cation of a high frequency magnetic field modulation enables high-precision
ESR measurements to be carried out. At resonance, the imbalance of the
bridge occurs and the reflected microwave energy from the cavity and the
reference wave, whose phase is adjusted, are fed into the 4th arm of the
direction coupler. The balancing of bridge is achieved by making the refer-
ence wave equal in amplitude and opposite in phase, to the reflected wave

from the cavity.

Sample Mounting and Procedure for Recording FMR Signals

An appropriate sample mounting technique [10], which ensures high repro-
ducibility in the data by getting rid of specious stress-induced effects, was
used for measurements. The sample (a circular disc of diameter 3 mm and
thickness 0.7 mm) was mounted on the flat surface and sandwiched with
a small flat quartz piece on top and fixed with nonmagnetic tape. The
quartz rod was then inserted into the cavity. The cavity is provided with
a goniometer arrangement which enables rotation of the sample plane at
specific angles with respect to the external field during the angular mea-
surement of resonance field. Ferromagnetic resonance measurements were
performed at the operating frequency 9.23 GHz of the spectrometer. The
FMR measurements, consisting of recording the field derivative of the mi-

crowave power (‘P’); dP/dH, that is absorbed during the resonance process
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Figure 2.12: Sample mounting with Quartz tube and quartz rod combina-
tion (a) for Metallic ribbons (b) for Thin film samples.

as a function of external static magnetic field H, were performed at vari-
ous temperatures. The ‘in-plane’ angle-dependent FMR measurements were
carried out by varying the angle between the magnetic field and the sample

plane at different temperatures using the following sample configurations.

1) ‘In-plane’ (IP) sample configuration, in which the external field H lies

in the sample plane.

2) ‘Out-of-plane’ (OP) sample configuration, in which external field H

lies in a plane perpendicular to the sample plane.

Advantage of Ferromagnetic Resonance

The g factor, damping parameter and anisotropy constants can be accu-

rately determined by using the ferromagnetic resonance technique.
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Experimental Accuracy and Sources of Error

Sample mounting plays an important role in the measurement of ferromag-
netic resonance. Incorrect sample mounting leads to errors in the FMR data.
The magnetic properties of the sample, which are very sensitive to stress,
may be affected by certain types of mounting, so much so that they yield
distorted lineshapes and irreproducible results. Slight misorientation of the
sample from the required sample geometry produces tremendous changes in
the values of linewidth and resonance, etc. To minimize or to completely
eliminate these errors, the samples should be mounted in a stress-free man-
ner and in the correct orientation for reproducible results. The sample and
sample rod should be thoroughly cleaned with ethanol before mounting to

eliminate the contamination effects, if any, on the FMR results.

Resolution in the measurements of the external field is an important
factor in measuring power absorption derivative spectra accurately since the
resolution of the field is 0.01 Oe when the sweep width is high, the upper
bound on the error in the measurement of the resonance field is given by
above resolution limit and the error in the peak to peak line width measured

is twice this value.

2.4.2 Magnetic Property Measurement System SQUID
VSM

MPMS SQUID VSM is a SQUID magnetometer based on the 2w detection
technique that makes use of the SQUID and VSM techniques in combina-
tion. It can measure DC and AC magnetization (down to ~107 emu) in

the temperature range 1.8 K to 400 K with a maximum temperature sweep
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rate of 50 K/min and fields up to £7T with a maximum field ramp rate of
700 Oe/sec.

Superconducting Quantum Interference Device (SQUID) is an extremely
sensitive flux-to-voltage transducer that converts a change in magnetic flux
to change in voltage, which is readily detectable with conventional elec-
tronics. It is a device which makes use of flux quantization and Josephson

tunneling and can operate at temperatures as low as few Kelvin. The sen-
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sitivity of a Josephson junction to applied magnetic field increases with the
area of the junction, which justifies making the devices large so that the
control currents can be reduced to a minimum. The switching speed of the
junction, however, decreases as the area increases. In recent devices, the
conflicting demands of speed and sensitivity are met by replacing a single
junction with two or more junctions connected by a continuous supercon-
ducting loop. Such a multi-junction device is called a Josephson interfer-
ometer or a Superconducting Quantum Interference Device (SQUID). In
the case of two Josephson junctions connected in parallel, as the magnetic
flux ® threading a superconducting loop is changed, the critical current of
two junctions oscillates with a period equal to the flux quantum ®;. These
oscillations arise due to the interference of macroscopic wave functions at
two junctions. This phenomenon of superconductiing quantum interference

forms the basis of a SQUID.

The superconducting detection coils are configured as a second-order
gradiomater, with counterwound outer loops which make the set of coils
non-responsive to uniform magnetic fields and linear magnetic field gra-
dients. The detection coils only generate a current in response to local
magnetic field disturbances. The current in the detection coils is a function
of sample position (see Fig. 2.14) and it is inductively coupled to the in-
strument’s SQUID. The SQUID feedback nulls the current in the detection
coils and this nulling current yields the actual SQUID voltage for analy-
sis. The sample is set to vibrate at a frequency, w, about the center of
the detection coils, where the signal peaks as a function of sample position,

z. V(z) = Az? for small vibration amplitude, B and z(t) = Bsin(wt), it
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Figure 2.14: SQUID detection system in a simplified diagram.
generates a SQUID signal, V, as a function of time, t
V(t) = AB%sin®(wt)

_ AB?
2

(1 — cos(2wt)) (2.2)

where A is a scaling factor related to the magnetic moment of the sample.
The lock-in technique is used to isolate and quantify the signal occurring
at frequency 2w, which is caused extensively by the sample. Briefly, this is
achieved by multiplying the measured signal with a phase corrected refer-
ence signal at 2w and then extracting the DC component, which is propor-
tional to the 2w component of the measured signal. This technique quickly
and precisely isolates the sample signal from other noise sources, including
drifting SQUID signal and mechanical noise sources synchronized to the

sample. To locate the sample position in the detection coil, sample signal
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for various vertical sample positions are obtained and compared with the

response of a point dipole in a uniform magnetic field.

The VSM head or motor, is a long-throw linear motor mounted on
springs within its casing for vibration isolation. The VSM head receives
a DC signal that controls the sample position and an AC signal that de-
termines the vibration amplitude and frequency from the motor control
module. A precision optical encoder in the VSM head reads the position
of the motor armature to with in 0.01 mm and fed to the motor control
module and used in a feed back loop to obtain precise sample positioning
and vibration. The default vibration frequency is 14 Hz and amplitude is 2
mm. This can be varied, within the prescribed limit, to get better accuracy

depending on the sample magnetic moment and weight.

2.4.3 Physical Property Measurement System (PPMS)

The Physical Property Measurement System (PPMS) [11] provides a flex-
ible, automated workstation that can perform a variety of experiments re-
quiring precise thermal control. PPMS can be used to perform magnetic,
electrical- or magneto-transport, specific heat or thermo-electric power mea-
surements, or can be modified to perform the user-select experiment. The
unique open architecture of the PPMS allows to fully configure the basic
PPMS platform or to use the PPMS with different measurements options,
such as ac susceptibility, DC magnetization, heat capacity, resistivity or

ultra-low field.

The PPMS has extremely good temperature control over the entire range

of 1.8 K < T < 350 K. This system possesses a superconducting magnet
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which can generate fields up to £9 Tesla, with a high field-homogeneity
(0.01%) within the measuring region. The software also provides options
for sweeping the magnetic field in several modes, the most important of
which are linear and no-overshoot. In the linear mode, the field is ramped
linearly to the set-point, while in the no-overshoot mode, the field is quickly
ramped to ~ 70 % of the desired value, then slowly increased to avoid
overshooting the set-point. The PPMS platform can apply a constant field
during both AC and DC measurements.

AC Measurements System (ACMS) Option

ACMS option is a versatile DC magnetometer and AC susceptometer. The

ACMS insert houses the drive and detection coils, thermometer, and electri-
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cal connections for the ACMS system. The insert fits directly in the PPMS
sample chamber and contains a sample space that lies within the uniform
magnetic field region of the host PPMS, so DC field and temperature con-
trol can be performed with conventional PPMS methods. The sample is
held with the insert’s coil-set on the end of a thin rigid sample rod. The
sample holder is translated longitudinally by a DC servo-motor located in
the ACMS sample transport assembly. The DC servo-motor provides rapid
and very smooth longitudinal sample motion. The ACMS sample transport

mounts on top of the PPMS probe.

The ACMS contains an AC-drive coil set that provides an alternating
excitation field and a detection coil-set that inductively responds to the
combined sample moment and excitation field. The copper drive and de-
tection coils are situated within the ACMS inserts, concentric with the
superconducting DC magnet of the PPMS (Fig. 2.15). The drive coil is
wound longitudinally around the detection coil set. The detection coils are
arranged in a first-order gradiometer configuration so as to isolate the sam-
ple signal from uniform background sources. This configuration utilizes two
sets of counter wound copper coils connected in series and separated by
several centimeters. A compensation coil is situated outside the AC drive
coil. The drive coil and compensation coil are counterwound and connected
in series so that they receive same excitation signal. A net field remains
within the measurement region, but outside the measurement region the
fields from the two coils tend to cancel. Each detection coil also contains
a low-inductance calibration coil. The two single-turn calibration coils are

connected in series and are situated at the center of each detection coil.
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DC Magnetization

During DC measurements, a constant field is applied to the measurement
region and the sample is moved quickly through both sets of coils, inducing
a signal in them according to Faraday’s Law. This measurement method
is commonly called the extraction method. The amplitude of the detec-
tion signal depends on both the extraction speed and the sample magnetic
moment. The DC servo-motor used by the ACMS extracts samples at
speeds of approximately 100 cm/sec., thus increasing the signal strength
over conventional DC extraction systems and reducing the contribution of
time-dependent errors such as drift and 1/f noise. The short scan time also
allows the averaging of several scans for each measurement, further reduc-
ing the contributions of random error. These advantages result in a greater
accuracy and sensitivity compared to systems with slower sample extraction
speeds. A Digital Signal Processor (DSP) is used to analyze the signal and

determine the sample magnetic moment.

ac Susceptibility

During an ac susceptibility measurement, an alternating magnetic field (up
to £10 Oe in a frequency range of 10 Hz to 10 kHz) is applied to the mea-
surement region by exciting the drive and compensation coils. The sample
undergoes a five-point measurement process that utilizes the calibration coil
to increase measurement accuracy. The first three readings are made with
sample positioned in the center of the bottom, then in the top and again
in the bottom detection coils. The signal from the detection coil array

amplified, low-pass filtered, digitized and stored as waveform blocks in the
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data buffer. The points are fitted and compared to the driving signal to
determine the real and imaginary components of the response. Two more
readings are taken with the sample placed at the center of the detection
coil array by switching the calibration coil into the detection circuit with
opposing polarities. The real and imaginary components of each response
waveform are obtained and it is subtracted to obtain the sample signal as

ac susceptibility in real and imaginary components.

Centering the Sample

Knowing the sample location with respect to the detection coil assembly is
important to determine the proper range of motion for DC magnetization
measurements and the correct sample position relative to the detection coils
for AC susceptibility measurements. As long as the sample is mounted
relative to the detection coils (approximately 10.5 4+ 0.8 cm from the end of
the long sample rod on the ACMS sample holder), the ACMS determines
the position of the sample within the detection coil by obtaining the sample
signal as a function of Z and automatically center it by adjusting the sample
position relative to servo motor zero. There is about 8 —mm window within
which the magnetic center of the sample must lie in order to allow automatic
centering. If the sample is not properly centered, it is difficult for the ACMS

to determine its true magnetic moment.

VSM Option

VSM option for PPMS is a fast and sensitive DC magnetometer consisting
of a VSM linear motor transport head (same as that used in the MPMS
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VSM SQUID, except for the working amplitude and frequency of oscillation.
For details, see section 2.4.4). To locate the sample and for vibrating it,
a compact gradiometer pickup coil for detection and the electronics for
driving the linear motor transport and detecting the response from the pick
up coils are used. With relatively large oscillation amplitude (1-3 mm peak)
and a frequency of 40 Hz, the system can resolve magnetization changes less
than 107% emu at a data rate of 1 Hz. When the sample is set to vibrate
sinusoidally, the changing magnetic flux induces a time-dependent voltage

in the pickup coil,

v o4 [fde) [dz
coll =g~ \dz ) \ at

=21 fCmA sin(2r ft) (2.3)

where ® is the flux enclosed by the pickup coil, z is the vertical position of
the sample with respect to the coil, t is time, C is the coupling constant,
m is the DC magnetic moment of the sample, A is the amplitude and f is
the frequency of oscillation. The response from the pickup coil is calibrated
with a standard sample. After obtaining the signal profile in the pickup coil,
the system identifies the sample position with respect to the pickup coil and
locates the sample at the center of the coil after the touch-down process. If
the measurement is a temperature dependent one, the sample position may
change due to the thermal expansion/contraction of the sample rod. Hence
the sample position in the pickup coil has to be monitored by touching the

sample rod down and relocate it to the actual position, if it has changed.
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Heat Capacity Option

Heat Capacity option uses a relaxation technique that combines the best
measurement accuracy with robust analysis techniques. During a measure-
ment, a known amount of heat is applied at constant power for a fixed
time, and then this heating period is followed by a cooling period of the
same duration. The Quantum Design Heat Capacity option measures the

heat capacity at constant pressure, i.e.,

oo (22) ”

For measuring heat capacity, the Quantum Design Heat Capacity option
controls the heat added to and removed from a sample while monitoring
the resulting change in temperature. A platform heater and platform ther-
mometer are attached to the bottom side of the sample platform (figure
2.16). Small wires provide the electrical connection to the platform heater
and platform thermometer and also provide the thermal connection and
structural support for the platform. The sample is mounted to the plat-
form by using a thin layer of grease, which provides the required thermal
contact to the platform. The PPMS Cryopump High-Vacuum option cre-
ates sufficient vacuum so that the thermal conductance between the sample
platform and the thermal bath (puck) is totally dominated by the conduc-
tance of the wires. This gives a reproducible heat link to the bath with a
corresponding time constant large enough to allow both the platform and
sample to achieve sufficient thermal equilibrium during the measurement.
After each measurement cycle, which is a heating period followed by a cool-
ing period, the Heat Capacity option fits the entire temperature response

of the sample platform to a model that accounts for both the thermal re-
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Figure 2.16: Thermal connections to the Sample and Sample Platform in
PPMS Heat capacity option.

laxation of the sample platform to the bath temperature and the relaxation
between the sample platform and the sample itself [12]. Two separate al-
gorithms fully automate the analysis of the raw data. The most general
analysis method invokes the two-tau model [12] which assumes that the
thermal contact between the sample and sample platform is poor. The two-
tau model simulates the effect of heat flowing between the sample platform
and sample, and the effect of heat flowing between the sample platform and
puck. The total power deposited on the platform and sample, given by the

heat flow scheme, is given by the following equations (two-tau model)

Cotatsorm T = PU1) — Ko (1) = Ty) + Ky (L) = T(1)  (25)
Cuampe G2 =~y (T.(1) = Ty(1) 2.6)

where Cpiatform is the heat capacity of the sample platform, Cyyppie is the
heat capacity of the sample, and K|, is the thermal conductance between
the two due to the grease. The respective temperatures of the platform and
sample are given by T,(t) and T,(t). A second analysis is also performed

using a simpler model which assumes that the sample and sample platform
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Figure 2.17: The measured temperature versus time data at 1.95K along
with the fit.

are in good thermal contact with each other and are at the same temperature
during the measurement. In the simple model, the temperature T of the

platform as a function of time t obeys the equation

dr
C’toml% =—-K,(T—-T,) + P(t) (2.7)

where Cy is the total heat capacity of the sample and sample platform;
K, is the thermal conductance of the supporting wires; T;, is the tempera-
ture of the thermal bath (puck frame); and P(t) is the power supplied by the
heater. The heater power P(t) is equal to Py during the heating portion of
the measurement and equal to zero during the cooling portion. The solution

of this equation is given by exponential functions with a characteristic time
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constant 7 equal to Cyyq /K. Using a nonlinear least-squares fitting algo-
rithm, the system compares the solution of both the models and determines
which model yields the best fit to the measured data. The values of the
parameter that give the smallest fit deviation determine the heat capacity

(Fig. 2.17)

The Heat Capacity software application calculates the heat capacity of a
sample by subtracting the addenda data from the total heat capacity data.
The total heat capacity comprises the heat capacity of the sample, the
grease, and the sample platform. The two measurements, one with and one
without a sample on the sample platform are necessary. For accurate mea-
surement of the sample heat capacity, a small amount of Apiezon N grease is
applied to the sample platform just enough to hold the sample and then the
heat capacity of the grease and the platform is measured. This constitutes
the addenda measurement (data). Grease is used to make a proper thermal
contact between the sample and sample platform. Apiezon N Grease has
sufficient thermal conductivity and adhesive qualities to attach most sam-
ples to the sample platform. Next, the sample is mounted on the sample
platform by pressing the sample onto the grease, already applied to the
platform and the total heat capacity is measured. Automatic subtraction
of the addenda, interpolated at each sample measurement temperature, is

performed and the heat capacity of the sample is thus obtained.

Resistivity Option

Resistivity option is a configurable resistance bridge board. It can simulta-
neously measure resistance /resistivity of 3 samples using four probe method

with current reversal option. A resistivity puck with three samples mounted
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Figure 2.18: The resistivity sample puck with three samples mounted for
four-wire resistance measurements.

for four probe measurement is shown in figure 2.18. The user bridge board
automatically adjusts the excitation current of its active channels, but the
maximum allowable current, power and voltage can be specified. The
current, power and voltage limits are +0.01 — 5mA, 0.001 — 1mW and
1 —95mV | respectively. The nominal resolution in the most sensitive range
is 3.8nV/5mA = 0.76 2.

2.4.4 Conventional Vibrating Sample Magnetometer

The conventional VSM is known for its sensitivity and precise control of
static field (< 0.5 Oe). The basic principle is same as that of the PPMS VSM
option (section 2.4.5) but the configuration of the pickup coil is transverse
in the conventional VSM. Here, the sample is set to vibrate sinusoidally

in a direction perpendicular to the static magnetic field generated by the
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Figure 2.19: Block diagram of Vibrating sample magnetometer.

electromagnet (Fig.2.19). The axis of the pickup coils are also parallel
to the static field. The sample signal picked up by the coil assembly is a
function of the coordinates (x,y,z) of the sample position with respect to the
coils. The optimum sample position is at the center of symmetry of the coil
system, where the pickup signal is minimum along x-direction (parallel to
field direction) but maximum along y- and z-directions. The task of driving
the VSM head at the desired frequency, detecting the sample signal at the

same frequency using lock-in method, amplifying and processing the signal



EXPERIMENTAL TECHNIQUES 49

and controlling the electromagnet power supply to generate the required
field are carried out by the VSM control unit (EG&G Princeton Applied
Research model 4500). A closed cycle refrigerator (CCR) is used to cool the
sample down to 12 K and and Lakeshore DRC-93C temperature controller
is used to control the system temperature. A platinum PT-100 sensor is
used in contact with the sample to measure the sample temperature to an
accuracy of ~ 1 mK with help of a Keithley nano voltmeter and a Lakeshore
constant current source. The VSM controller, temperature controller and
the nano voltmeter are interfaced to a PC using General Purpose Interfacing

Buss (GPIB) and programmed with LabView.
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Chapter 3

Magnetization Processes

3.1 Introduction

Successful synthesis [1] of pure rare earth elements in the nanocrystalline
state in the recent past made it possible to study the effect of interfacial,
intragranular and intergranular anisotropies on the magnetic properties of
nanocrystalline Gd. The »>Gd Mossbauer investigation [1] has revealed
that the Gd magnetic moments at the grain boundaries are randomly ori-
ented with respect to the local crystallographic axes. Intra-particle spin-
misalignment fluctuations over nanometer length scale in nanocrystalline
(nc) Gd have recently been inferred [2] from the small-angle neutron scat-
tering data taken in external magnetic fields up to 50 kOe. The observation
that magnetization cannot be saturated even by applying magnetic fields

as intense as 70 kOe in melt-spun [3] Gd is taken to indicate the presence

The following articles are based on the results presented in this Chapter:
1. S. P. Mathew, S. N. Kaul, A. K. Nigam, A. -C. Probst and R. Birringer, J. Phys.:
Conf. Ser., 200, 072047 (2010).
2. S. P. Mathew and S. N. Kaul, AIP Conf. Proc., 1347, 15 (2011).
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of large interfacial magnetic anisotropy [2]. In order to understand the
mechanism of magnetization reversal and the role of magnetocrystalline in-
tragrain anisotropy and interfacial magnetic anisotropy, extensive magnetic

measurements have been undertaken on ne-Gd.

3.2 Theoretical Considerations

3.2.1 Time-dependent Magnetization:
Magnetic Viscosity

The evolution of magnetization following a sudden change (increase or de-
crease) in applied magnetic field has come to be known as the phenomenon
of magnetic viscosity. Néel [4] proposed a simple model for magnetic vis-
cosity in which the magnetization reversal proceeds via thermal activation
over a magnetic field-dependent energy barrier, Eg(H), which seperates
two local energy minima. For internal and/or external fields (H) below the
switching field (Hyg), there are two local energy minima whereas for H > Hg,
only one energy minimum exists. Consequently, for H < Hg, magnetiza-
tion can be in the two magnetization states; one of them corresponds to the
metastable state of energy F; while the other to the stable state of energy
Ey < Ey. If E,, is the energy of the maximum between them, the barrier
energy Fg = E,, — F,. The energy barrier could arise from one or more
of the sources such as the inter-particle interactions, magnetostatic interac-
tions, intra-grain magnetocrystalline anisotropy and interfacial anisotropy.
For a fine particle system, the transition probability for over coming this

t

energy barrier is P, = 1—e~%/7 and hence the growth (decrease) of magneti-

zation with measurement time ‘t” after the magnetic field of given strength
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is suddenly switched on (off) is given by
M(t) = M(to) [1— e_t/T] or  M(ty) e /7 (3.1)

where the former and latter expressions refer to the growth and decline,
respectively, tg is the time at which the field is either turned ‘on’ or ‘off’,
and 7 is the relaxation time, which, in turn, is related to the transition rate
[' for the magnetization to switch from the metastable energy state F; to

the stable energy state Fs, through the Arrhenius - Néel law [4]
I'=7"'=T,e ZlM/ksT (3.2)

where Iy is the attempt frequency typically in the range 10° — 10'? Hz.
Thus, the temperature- and field-dependent energy barrier can be expressed
as

E(T, H) = —kyT In(T/Ty) = kpT In[t(T, H)/7] (3.3)

In real systems, a distribution of energy barriers (which can arise from a
distribution in inter-particle interactions, anisotropies, domain wall pinning,
etc.) leads to a distribution of relaxation times. The probability of finding
magnetic moments in a volume element with barrier energy between Ep and
Ep+dEg, ie., f(Eg)dEg, is the sum over all the volume elements having
barrier energy in this interval divided by the total volume of the specimen.

The averaged magnetization is given by [5, 6]
(T, H, 1) = / M(T, H,t) f(Es)dEs (3.4)
0

Eq.(7.4) yields the magnetic viscosity, defined as

S(T, H,t) = B%((;) LH , (3.5)
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in the form
S(T, H,t) =2 / (T8) oM f(Ey) dEy (3.6)
0

Making use of the fact that the function (T't) exp(—I't) peaks at
EB,maz = kBT ln(Fot) s (37)

the integral in Eq.(7.6) is evaluated by expanding the distribution function
f(Ep) in a Taylor Series around Eg 4, with the result [5, 6]

oo 1 n oo _ n
T H t Z_lm EB |EB maﬂf/o (Ft) € t (EB - EB,ma) dEB

(3.8)
If the measurement started at time ¢, such that Tty > 1, Eq.(7.8) can
finally be rewritten in the form [5, 6]

= (=kgT)" d®
S(T,H,t) =2kgT Ch—————f(F maz 3.9
(T, H,t) = 2kp ;} o dng( B)|Es, (3.9)
with
Ch, :/ (Inz)"e " dx (3.10)
0

and z = I't. Large value of ['y ensures that the above condition gty > 1
holds for all the systems. The time dependence of S in Eq.(7.9) basically
arises from the time dependence of Ep 44, the value of barrier energy at
which the energy derivatives of f(Ep) have to be evaluated. If this time
dependence is neglected, Eq.(7.4) - (7.6) and (7.10) finally yields the time

dependence of magnetization starting from ¢t = ¢, as

M(T,H,t) = M(T,H,t)) + S(T,H) In(t(T,H)/7) (3.11)

Street and Woolley [7] were first to recognize that the logarithmic de-

pendence of magnetization on time arises from the distribution in the en-
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ergies of the barriers f(Fp) which is a constant > 0 (independent of en-
ergy) over the energy interval Ep i < Ep < Ep e, and zero otherwise.
Aharoni [8] contends that the model f(E) = constant can be used only
for a wide barrier energy distribution, f(F£), in a restricted time region
tmin = T €XD(Epmin/kpT) < t K tyar = T €xp(Ep maz/ksT), and for this
reason, the model breaks down for large and small time and for a narrow
distribution f(FE). Nevertheless, Eq.(7.11) works quite well in the present

context, as in many other systems [9, 10, 11, 12].

As already mentioned earlier, if E5(T, H) has a distribution, relaxation
time will also have a distribution. If the density of relaxation times is g(7),

the relaxation rate of magnetization is given by [13, 14]

OM(t)
— M(T,H,7,) g(1) : 7~ t 3.12
Ero T SV CA R (3.12)
In ac susceptibility measurements, where y(w) = x'(w) + ix"(w), the

observation time is equal to 1/w (w is the angular frequency of the applied
alternating field). If t = 1/w, the time-dependent magnetization divided by
field approximately equals ac susceptibility, i.e., [13, 14]

(1/H)M(t) =~ x'(w) (3.13)

For a wide distribution of relaxation times, x”(w) is related to the density

of relaxation times, g(7), as [13, 14]
X'(w) = (7/IM(T, H, ) [H] g(Tm) 5 Tm = 1/w (3.14)
Combining Eqgs.(7.5), (7.12) and (7.14) yields the relation

%S(T, H.t) = % X" (w) (3.15)
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3.2.2 Coercivity

The potential energy barrier, responsible for the blocking of magnetization

reversal, in terms of magnetic field is given by [15]
E(T, H) = Eo(T) [1 = (H(T)/Ho(T)))* (3.16)

where Ey(T) is the energy barrier and Hy(T) is the switching field.
Eq. (7.16) can be rewritten as

H(T) = Ho(T) [1 — (E(T, H)/Eo(T))"] (3.17)

If the temperature-dependent coercivity [16] is attributed to the thermal
activation process, combining the Eqgs. (7.17) and (7.3), leads to the ex-

pression for coercivity,
Ho(T) = Ho(T) {1 — [kpT In(t/7)]Eo(T)]"*} (3.18)

When the shape anisotropy is prominent compared to other anisotropies,

the anisotropy energy density can be approximated as,

K(T) = Kpape(T)
= (1/2)MZ(T)N (3.19)

where N is the demagnetizing factor. In this case, the switching field,

Hy(T) =2K(T)/Ms(T) = NMs(T)
— Hy m(T) (3.20)

and

= Ey m*(T) (3.21)
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where Eq.(6.19) for K(T') has been substituted in Egs.(6.20) and (6.21),
m(T) = Mg(T)/Ms(0) is the reduced spontaneous magnetization, Hy =
NM;g(0) and Ey = NV MZ(0). The temperature dependence of coercivity
is thus given by

Heo(T) = Hym(T){1 — [kgT In(t/7)/Eom*(T)]*/?} (3.22)

3.2.3 Approach-to-saturation

The magnetic properties of ferromagnetic materials are greatly affected by
defects in the system. Theoretical analysis of such effects has been very
successful in correlating a large number of experimental observations [3,
17, 18, 19, 20]. The magnetization processes at low fields is an extremely

complicated theoretical problem.

The earliest theoretical attempt to understand the approach to ferro-
magnetic saturation, due to Brown [21, 22], holds the inhomogeneous spin
states, caused by the internal stresses of dislocations via the magneto-elastic
coupling, responsible for the significant deviations from saturation in fer-
romagnetic crystals containing dislocations. Brown [21, 22] derived the
following law of approach-to-saturation at very low temperatures

M(H) = Mg {1 - % - %} , (3.23)

where Mg is the saturation magnetization. The 1/H term is due to dislo-
cation dipoles if the distance between the two dipole dislocations is smaller

than the exchange length

(3.24)
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where A is the exchange constant. xj;" may be considered as the resolution
length of the spontaneous magnetization with respect to internal stress and
hence this 1/H term possibly would vanish for a perfectly annealed specimen
[22]. Subsequently, Néel [23] showed that non-magnetic inclusions also give
rise to the 1/H law. The coefficient b of the 1/H? term is related to the

magnetic anisotropy energy, E,, as elaborated below [24]

Under the influence of moderately strong magnetic fields, all the domain
wall displacements would have been completed and thus the magnetization
vector would be almost parallel to the magnetic field. Then the component

of magnetization along the magnetic field is

M = Mg cost

Y <1_9;+...> (3.25)

where 6 is the angle between the magnetization and the magnetic field.

_>
The torque exerted by the magnetic field M x ﬁ is counterbalanced by the

torque caused by the magnetic anisotropy, —88]”;“, ie.,
0F,
MHsinf = — 3.26
sin 50 (3.26)
Since 0 is very small at high fields, or alternatively, M = Mg, Eq.(6.26)
reduces to
1 ¢
0=—— 3.27
s (3.27)
where
0F,
= 3.28
’ ( o0 )M 32
substituting Eq. (6.29) in Eq. (6.25), yields

b

M= M, (1 -l > (3.29)
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where ,
1ec
= -—— 3.30
2 M2 ( )
The magnetization rotates along the maximum gradient of anisotropy en-
ergy
= |€Ea|2
0B, \* 1 [(0E,\’
= 3.31
(89)+sin29(8¢) (3:31)
Therefore

L [(9E 2+ 1 (0E,\*
oM\ 06 sin20 \ 9¢

“ae D) (5] e

where 6 is the angle between H and the easy direction of magnetization, n,

¢ is the azimuthal angle, a; are the direction cosines of the magnetization
ﬁ
vector, M, with respect to n. For the uniaxial case, E, is related to the

anisotropy constants K; and Ky as
E, = K; sin®y + K, sin*y
= <K1+K2) —Oég (K1+2K2>+Oé§ KQ (333)

— —
where v is the angle between M and n, and ag is the direction cosine of M.

The coefficient b is thus given by
1
=

For a random orientation of grains in a nanocrystalline ferromagnetic sam-

2

b [03(1 = a3)] [K1+2K5(1 — a3)] (3.34)

ple, averaging of b over all possible directions fetches

< b(T) >= [0.2667 K2(T) + 0.4064 K2(T) + 0.6095 K(T) Ky(T)]

(3.35)

Mg(T)
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Random Anisotropy Model

The type of magnetic order in the grain boundary region in the nanocrys-
talline materials can be modeled with the aid of the models for amorphous
magnetism [18, 25|, which assume either random space distribution of ex-
change [26] or random distribution of anisotropy axis [27]. Since the reduc-
tion in saturation magnetization in nanocrystalline material [28] is only 10%
compared to that of bulk single crystal [29] and the easy axis of magnetiza-
tion varies randomly from grain to grain, the anisotropy energy is weaker
than the exchange energy. The large exchange favours uniform magnetiza-
tion while the magnetization experiences random local anisotropy field in

the grain boundary region and across the grains.

In the macroscopic approach to the description of amorphous magnetism
with random anisotropy field 77 (x) (72(x) = 1) and A < 1 (X is the ratio of
anisotropy energy to exchange energy), the easy axes of magnetization are
correlated over a length R, of several atomic spacing a while the directions
of local magnetization ]\_/_/> (x) are correlated over a length scale R,,. The
local magnetization is assumed to rotate smoothly over the volume so that
M?(x) = const. However, R, > a and R,, > R, for the random anisotropy
associated with a polycrystallite system. In three-dimensions, the system
enters into a spin-glass state when R, ~ R,. The amorphous magnetic
state of the polycrystallite system in presence of external magnetic field,

ﬁ, can be described by the macroscopic energy density [25, 30|

N\ 2
€= % o (gf) —%5(]\7%)24\7-? (3.36)

where the first term in Eq.(5.36) is the exchange energy, second term is
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the random anisotropy energy and the third term is the Zeeman energy.
The condition A < 1 corresponds to fa?/a < 1, a o< Ja?, where J is the
microscopic exchange constant. The characteristic fields associated with
random anisotropy and exchange are defined as H., = aM,/ Rz, called the

exchange field and H, = SM,, called the anisotropy field.

When the random anisotropy field, H,, is dominating compared to either
the exchange field, H.,, or the external field, H, the spins will be pointing in
the hemisphere defined by the external magnetic field, H. In the large-field
regime (H > H,., or H > H, > H,,), the noncollinear structure closes even
further towards the field: each spin is only slightly tipped from the applied
field by the random anisotropy at its site. The tipping angle is then of the
order of H,/H and, hence, the magnetization deviation in the approach to
saturation is proportional to (H,/H)?* and it is given by [30]

M1 { H, r

= — | 3.37
My 15 |H+ H, ( )

Micromagnetic Model

Contrasted with the crystalline ferromagnets, where the 1/H term in the
law of approach-to-saturation, Eq.(6.23), arises from lattice imperfections,
AM;,p, additional contribution in the nanocrystalline ferromagnets comes
from the intrinsic fluctuations of the material parameters, AM;,;-. Asin the
case of crystalline ferromagnets at finite temperatures, there is yet another
contribution to the total deviation AM (= Mg — M(H)) of magnetization
from its saturation value in nanocrystalline ferromagnets due to the sup-
pression of spin waves by external magnetic field, AM,;q, the so-called

Holstein- Primakoff spin-wave para-process. Thus, the total deviation AM
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from saturation is the sum of three terms
OM = 0 Mipp + 0 Mty + O Mpara (3.38)

For a ferromagnet with a position-dependent spontaneous magnetization,
M(r), in an external magnetic field, H, applied parallel to the zo-axis, is

defined as [18]

M(r) = gugS(r)/Qr) (3-39)
where S(r) is the spin quantum number and Q(r) is the atomic volume per
magnetic atom at position r (x1, s, x3). For sufficiently large fields, the

transverse components M; (i = 1,3) of M (r)

M1 3(7’) i M2 (T)
— — =1 4
Mo — 0 while s — (3.40)
where Mg is the volume average (M (r)). The volume average (M) can be
written as [18]

1
WE

(My) = Mg {1 (M) + <M§<r>>]} (3.41)

where (M?(r))i=13 is the volume averages of the squares of the transverse
components of M(r). The components M;(r) can be determined from the
micromagnetic equations, which are obtained by minimizing the Gibbs free
energy, @, of the ferromagnet [18],

o= [ {3 2 ConlTu b Tt - PILRGID

) kg (r) My (r) My (r) — Z H;(r) - M;(r) }d3r (3.42)

where i refers to the i’ components of the field variables M, Hg and H.
The position-dependent property tensors are: C,,,(r) for the exchange en-

ergy and k;;(r) for the local magnetocrystalline energy. The magnetostatic
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stray field ﬁs = —?U(T), where U(r), the magnetostatic potential, obeys
Poisson’s equation

AU(r) = 475 - M (r) (3.43)

The micromagnetic equations so obtained may be written as [1§]

> M(r)Conn(r) Vo Vo Mi(r +ZM (r) Vo M (r)
— 2(kii(r) — koo (r)) M, —2§:hj M(r)
J#1
2kipM?(r) + Hgi(r)M(r) — HM;(r) =0 (3.44)

with i = 1,3, j # 1,3 and B,(r) =

, which takes into account

0X;
the position dependence of the excharllge parameter Cp,,(r). Eq (5.44) de-
scribes four types of fluctuations denoted as intrinsic and magnetoelastic
fluctuations. Intrinsic fluctuations are due to the short-range variations
of the material parameters such as i) magnetostatic fluctuations, M (r),
ii) magnetocrystalline fluctuations, dk;;(r) and iii) exchange fluctuations,
0C,n (1), 6B, (r). Magnetoelastic fluctuations are due to modification of
kij(r) by long-range internal stresses, o. Without going into the origin of

the fluctuations, 6 M (r), in magnetization, M (r) can be written as
M(r)=(M(r)) +oM(r) (3.45)

One source of intrinsic magnetization fluctuations could be the magneto-
static stray fields resulting from volume charges, V- (dM (7)), that make the
orientation of the spontaneous magnetization inhomogeneous. The other
source could be the fluctuations of the magnetocrystalline energy, which

can be written as
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For a perfectly random orientations of the nanocrystallite axes, the volume
average (k;o(r)) vanishes. The transverse components, M 3, are linear func-
tions of fluctuations dM and dk. Since the fluctuations are uncorrelated,
the volume averages (dk0M;) vanish and hence the effect of fluctuations M

and ok can be treated separately.

Magnetostatic Fluctuations

Replacing the terms C,,,, (r)M(r), B, (r)M(r) and (k;; M?*(r)) in the micro-

magnetic equation (5.44) with their volume averages yields [18]

(%> > V2 Mi(r) + (M(r))Hs(r) — H - Mi(r) =0 (3.47)

By solving the coupled system of differential equations, Eqs.(3.47) and
(5.43), the deviation from saturation, AM = Mg — (Ma(r)), for H >>
47 Mg is given by [18§]

A]\41'nt1” = MS QO (348)

(QA/M5)1/2 4 1 147TMS
120 S \HY2 2 {3y

Magnetocrystalline Fluctuations

Neglecting the magnetostatic fluctuations in Eq.(5.44) one obtains [18]

(]2\4_1‘2) 3 Vab(r) = 2ka(M3(r)) — H - M) =0 (3.49)

Solving the micromagnetic equation, Eq.(3.49), with the fluctuation dk;s(r)
for a vanishing volume average (k;2) = 0, the deviation from saturation,
AM, is obtained as [18]

1 1

2A/Mg)/?
Ao = § Ms O s 15 (600 + () 22— 350
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Disregarding the magnetoelastic fluctuations, at a constant temperature,
T, all the material-dependent physical parameters in equations (3.47) and
(3.50) remain constant and the magnetization within the framework of the

micromagnetic model can be written as

M = Mg |1 (3.51)

a b
“n | Pt

The last term in Eq.(3.51) accounts for the increase in magnetization caused
by the external magnetic field over and above the spontaneous magnetiza-

tion at that temperature.

3.3 Results and Discussion

3.3.1 Magnetic Irreversibility

The magnetization measured in the ‘zero-field-cooled’ (Mzrc(T')) and ‘field
cooled” (Mpc(T)) modes at various, but fixed, magnetic field (H) values
within the temperature range 2 K < 7' < 310 K is shown in Figs.3.1
and 3.2 for the nanocrystalline gadolinium with an average grain size of
d = 12 nm and 18 nm, respectively. The irreversibility in magnetization
normalized to the measuring field, M;../H = [Mpc(T) — Mzprc(T)]/H,
deduced from the thermomagnetic curves, is shown in figure 3.4. The tem-
perature below which M;,../H has a finite value marks the temperature, T,
at which a bifurcation in FC and ZFC thermomagnetic curves occurs. The
bifurcation temperature, Tz, shifts to lower temperatures with increasing H
so much so that the irreversibility in magnetization is completely suppressed
for H > 3.5 kOe (2.2 kOe) in the d = 12 nm (18 nm) sample. Tx as a
function of field follows the relation Tp = Tg(H = 0)[1 — (H/H*)?] with
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T(H = 0) = 283.8(9) K (287.1(7) K) and H* = 4183(57) Oe (2295(7) Oe)
for d = 12 nm (18 nm) as shown in figure 3.3. While Ts(H = 0) is
very close to the ferromagnetic (FM)-to-paramagnetic (PM) phase transi-
tion temperature, T, the field required to suppress the irreversibility in
magnetization completely, H*, conforms well with the observation that H*
should lie in the range 3.5 kOe < H* < 10 kOe (2.2 kOe < H* < 3.5 kQOe)
for the d = 12 nm (18 nm) sample. Irreversibility in magnetization, of sim-
ilar kind, is also observed in perovskites [31, 32] (a ferromagnetic system)

and it is attributed to the formation of metastable states due to randomly

oriented magnetocrystalline anisotropy field in the polycrystallites [32].

The Irreversibility in magnetization at a given temperature T' < T =~
T arises when a sizable fraction of magnetization is trapped in the low-
magnetization metastable state (i.e., Mzpc(T)) if system is cooled in ‘zero-
field” and the filed is applied at the lowest temperature or in the high-
magnetization stable state (i.e., Mpc(T)) if the system is cooled ‘in-field’
from temperatures well above Tx where the energy barrier does not exist.
The measured density of nc-Gd is ~ 99% of bulk [33]. Since the core
region of grain boundaries embodies excess volume, resulting in a local
density deficit of typically 5% [34], the contribution of grain boundary excess
volume to the reduced overall density, for a given crystallite size of 20 nm,
is ~ 1%. This density deficit, caused by the atomic site disorder at the
grain boundary, leads to competing ferromagnetic and antiferromagnetic
interactions between spins and this, in turn, results in a strong interfacial
random anisotropy in nc-Gd. Moreover, the intra-grain magnetocrystalline
anisotropy, though modified to some extend by the finite size effect, may

still have the temperature and field dependence similar to that of single
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Figure 3.1: The ZFC and FC magnetization as a function of temperature,
T, for nc-Gd with the average grain size d = 12 nm.
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Figure 3.2: The ZFC and FC magnetization as a function of temperature,
T, for nc-Gd with the average grain size d = 18 nm.
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Figure 3.3: The bifurcation temperature, Tz, as a function of magnetic field,

for nc-Gd samples with the average grain size d = 12 nm and 18 nm. T(H
= 0) is very close to the FM - to - PM transition temperature, T¢.
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Figure 3.4: The irreversibility in magnetization, normalized to the dc field,
for the nanocrystalline Gd sample, (a) d = 12 nm and (b) d = 18 nm.
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crystal Gd [35, 36, 37].

In an attempt to qualitatively understand as to how the trapping of
the spin system in a metastable or a stable state depends on the ther-
mal/field prehistory of the system and how this process gives rise to a large
irreversibility in magnetization, we put forward an intuitive picture of the
magnetization state of a single-domain grain in terms of its free energy, F,
as a function of the angle between magnetization and the easy direction of
magnetization, #, for a uniaxial system, as given in figure 3.5. When the
nanocrystalline ferromagnetic system is cooled in ‘zero-field’ from a temper-
ature above its ordering temperature, T, where the long-range magnetic
order sets in, magnetization vector in each grain is frozen along the easy
direction of magnetization - either in the M, state or Mgy state, which are
equally probable (Fig.3.5(b)). Hence, when the ensemble of grain magneti-
zations is considered, M, and Mgy states will be equally populated. Since
the crystallographic directions of each grain is oriented at random, the mag-
netization vector in each grain is also oriented at random, giving rise to zero
net magnetization as represented by the H = 0 case in figure 3.6(a). At
finite positive field (H < H,, the switching field), applied parallel to the
easy direction of magnetization, the energy, E, versus 6 curves get biased
such that the stable minimum is at § = 0 (Fig.3.5(a)). In this condition,
the population in the M, state, the stable minimum state, will be more
than that in the Mg state, the metastable minimum state, so that the net
magnetization along the field direction is positive. At a finite temperature
and field, the spins in the metastable state see an effective energy barrier,
AFEpg, due to the intragranular and interfacial magnetic anisotropies and

the external magnetic field. AFEp decreases with increasing field but the
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Figure 3.5: A schematic representation of the free energy, E, versus the
angle between magnetization and the easy direction of magnetization, 6, for
a uniaxial system. My (Migg) is the energy state of a single grain when the
magnetization is pointing along (opposite to) the easy direction of magne-
tization § = 0 (0 = 180). At zero-field, both the M, and Mg, states are
equally probable. AFp is the effective energy barrier height seen by the
spins in the Mgy state, which varies with the effective field and tempera-
ture. (a) The E versus 6 curves at a temperature, T' < T, for various fields
starting from H = 0 to H > H, and (b) at various temperatures starting

from T' < T to T < T in zero field, H = 0.
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(a) Zero-field-cooled

o
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(b) Field-cooled

Figure 3.6: A representative picture describing the orientation of magneti-
zation vector in different grains before and after the application of field in
the ‘zero-field-cooled’ state and in the ‘field-cooled’ state.

temperature dependence of AFEpg arises from the temperature dependence
of the effective anisotropy field. With decreasing AFEpg, the population of
spins in the stable stable increases at the expense of that in the metastable

state.

When the magnetic field is applied at the lowest temperature after cool-
ing the system in ‘zero-field’, the net magnetization along the field direc-
tion will be the ensemble average of the magnetizations of the grains, more
of them in the stable minimum state, My, than in the metastable state,
Migy. The metastable state corresponds to the low-magnetization state,
Myzre. In this state, the temperature dependence of the component of
magnetization along the field direction at fixed fields, H < H, is gov-
erned by three factors, i) the usual decrease in the domain magnetization
due to the thermal effect, ii) the population of spins in the metastable state
changes depending on how the AEp(T') compares with thermal energy, kg7,
and iii) the average component of magnetization along the field direction

is decided by the relative strength of the temperature-dependent effective
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anisotropy field and the external magnetic field. The spin system attains
high-magnetization stable state when the system is cooled ‘in-field’ from a
temperature above Tx and the domain formation takes place in presence
of external magnetic field, the magnetization in most of the grains corre-
sponds to the stable minimum, M,, at § = 0 (Fig.3.5(a)). Therefore, the
magnetizations of the grains will be pointing in a hemisphere along the field
direction and the population of spins in the metastable state goes on reduc-
ing with increasing field (Fig.3.6(b)). Consequently, magnetization enters

into the high-magnetization stable state, Mpc.

The Mzpc(T) at low fields is a clear depiction of the temperature depen-
dence of the effective anisotropy field. With increasing field, the effective
energy barrier height seen by the spins in the metastable state decreases
and the thermal energy suffices to activate magnetization across the en-
ergy barrier. As a result, the overall magnetization prefers to be in Mp¢
state and this, in turn, reduces the irreversibility in magnetization. When
a threshold (switching) field, Hj, is reached, only a single global minimum,
corresponding to the high-magnetization stable state, Mpc, exists. Thus,
the magnetic irreversibility vanishes for H > H,. Obviously, Hs depends
on temperature; H, will have its maximum value at 7' = 0 and H; = 0 at
T > Ty where only the global minimum survives and the critical fluctua-
tions of magnetization ensure that the spontaneous magnetization goes to

Zero.
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3.3.2 Magnetic Viscosity

Time-dependent ‘Zero-field-cooled’ Magnetization

The time evolution of magnetization at a few representative temperatures,
when the magnetic field of strength 100 Oe/500 Oe/1 kOe is suddenly
switched on after cooling the system in ‘zero-field’ to the specific tempera-
ture, measured for a time period up to 6 hours is shown in figure 3.7. The
first data is collected ~ 7 sec after the magnetic field reached the set value
and, subsequently, the data is collected at a time interval of ~ 100 m sec
in the measuring time range 7 sec < t < 2.2 x 10* sec. The field values are
chosen to be 100 Oe/500 Oe/1 kOe for the reason that these field values
are less than the switching field, H; = H* (Fig.3.3). At these fields, the
irreversibility in magnetization persists over the temperature range from
2 K toT ~ T¢. The population of the spins in the metastable state, Mg,
after the system is cooled in ‘zero-field’ to a specific temperature and at a
magnetic field, H (Fig.3.5(a)), reduces as the spins overcome the anisotropy
energy barrier, AEg(T'), by the the thermal activation process. If the sys-
tem is given sufficiently long/infinite time, gradually the spin population of
the metastable state, Mgy, reduces to zero while the population of the M,
state - the stable, minimum energy state of the system, reaches its equi-
librium value Mpc(T). The nature of these energy barriers decides the
functional form of the growth of Myzpc with time (Eq.(7.11)) at a given
temperature 7" < T and the magnetic field H < H, (Fig.3.3). The linear
dependence of magnetization on In(t) (Fig.(3.7)) suggests that the energy

barrier distribution is considerably wide in the measuring time.

The temperature variations of the magnetic viscosity, S(7, H), defined
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Figure 3.7: The time-dependent magnetization for a dc field strength of 100
Oe, 500 Oe and 1 kOe at a few representative temperatures.
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by Eq.(7.5), calculated from the time evolution of the ‘zero-field-cooled’
magnetization measured at various temperatures T' < Ty and at dc fields

of strength of Hy. = 100 Oe, 500 Oe and 1 kOe are shown in figure 3.11.

ac Susceptibility

The real (x.,,(T)) and imaginary (x7, (7)) components of susceptibility,
shown in figure 3.8, were measured at different but fixed temperatures (sta-
ble to within £1 mK’) and ac magnetic field of rms amplitude of 1 Oe and
frequencies (f) ranging from 11 Hz to 8913 Hz on 12 nm (disc shaped) and
18 nm (strip). For a ferromagnet, the intrinsic magnetic susceptibility, X,
along the easy direction of magnetization diverges at T" = T;. When both
shape and magnetocrystalline anisotropies are present, x;,:(7") is related to

the measured initial susceptibility, Xe.:(7"), as [37]
Xint(T) = Xe(T) — 47N (T) (3.52)

where N(T') = Ng+Ng(T'), Ny is the demagnetization factor which depends
only on the sample shape. As the easy direction of magnetization varies
randomly from grain to grain, Nx averages out to zero and hence the peak
in Xext(T) at T ~ T is demagnetization limited. Due to the temperature
dependence of the random inter-grain magnetocrystalline anisotropy as well
as that of the intra-grain and interfacial anisotropies, instead of having a
demagnetization-limited value throughout the temperature range below T
[37], Xext(T) for nanocrystalline Gd drops gradually as the temperature
decreases to reach a flat minimum in the temperature range 100 K < T <
200 K before going through a small peak at around 16 K as the temperature

is decreased further. y..,;(7") has similar features for both the d = 12 nm and
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Figure 3.8: The real (x/(7T")) and imaginary (x”(7)) components of ac sus-
ceptibility as functions of temperature measured in an ac driving field of
rms amplitude 1 Oe and frequencies ranging from 11 Hz to 8913 Hz.
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Figure 3.9: Singular behaviour of x” for T' > T¢.
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18 nm samples. Since the shapes of the d = 12 nm and 18 nm samples are
different, the demagnetization-limited peak value near T¢ (T, = 285.63(2) K
for d = 12 nm and 287.22(2) K for d = 18 nm) is higher by a factor of 2

for d = 18 nm sample compared to that in the 12 nm sample.

At Tg, divergence of x” is limited by the shape anisotropy and in the

temperature range T' 2 T, X" drops abruptly and follows the power law

(3.53)

T—T-1"
' =A0+A1[ C] ;

Tc
as shown in figure 3.9. By fitting the power law to the x” data with T¢ =
285.65 K (287.25 K) for the nanocrystalline sample with the average grain

size of d = 12 nm (18 nm), the parameter values obtained are Ay = 188(17)
(82(5)), A, = 78(55) x 10° (46(27) x 10°) and v = 2.18(17) (2.67(13)).

The temperature variations of the magnetic viscosity, S(T, H = 1 Oe),
is calculated from the imaginary part of the ac susceptibility, x”(T), using
the relation between magnetic viscosity, S, and the imaginary part of ac
susceptibility (Eq.(7.15)). The magnetic viscosity at an external magnetic
field of 1 Oe and fixed temperatures, calculated at various measuring times
(t =1/f) starting from 100 p sec to 100 m sec from x”(T, f) measured at
various frequencies starting from 11 Hz to 8913 Hz, are shown in figure
3.10 for the nanocrystalline samples with d = 12 nm and 18 nm. The time-
dependent magnetic viscosity at H = 1 Oe shows that it is independent
of measuring time above ~ 2 m sec and below which it strongly depends
on the measuring time. This observation ascertain that the energy barrier
height is independent of time above a measuring time of ~ 2 m sec. In
the time-dependent ‘zero-field-cooled’ magnetization measurement, the first

data point was collected at t ~ 7 sec after the magnetic field reached the set
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Figure 3.10: Magnetic viscosity as a function of time calculated from the
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value. At t ~ 7 sec (> 2 m sec), the energy barrier height is independent
of time and hence it is not surprising that the magnetization varies linearly

with In(t).

The temperature variations of the magnetic viscosity at different fields,
S(T, H), calculated from the time evolution of the ‘zero-field-cooled’ mag-
netization, are compared with that obtained from the imaginary part of
the ac susceptibility, x”(T), in figure 3.11. The main observations are i)
the increase in magnetic viscosity, S, with decreasing magnetic field and
increasing temperature and ii) the magnetic viscosity, S, peaks at T~ T¢
at H = 1 Oe and the temperature at which S peaks shifts down with
increasing field. As described in the intuitive picture (Fig.(3.5)), in the
‘zero-field-cooled’ nanocrystalline ferromagnetic system, the population in
the metastable state, Mgg, is decided by the effective energy barrier, AEg,
seen by the spins in the metastable state and at temperature, T (kgT).
According to Eq.(7.9), magnetic viscosity, S, depends on both the effective
energy barrier, AEg, and the thermal energy, kgT. At a fixed temperature,
T, when the magnetic field increases, the effective energy barrier decreases
(Fig.(3.5)) and, in turn, the population of spins in the metastable state
decreases. This gives rise to the reduction in magnetic viscosity, .S, with in-
creasing magnetic field (Fig.(3.11)). Similarly, when temperature increases
at a fixed field, the energy barrier height changes due to the temperature-
dependence of the effective anisotropy field and also the probability for the
thermal activation increases (Eq.(7.2)). At the lowest field (H = 1 Oe,
Fig.(3.11)), where the effective energy barrier height is maximum with ap-
proximately half of the total population of spins in the metastable state,

the magnetic viscosity, S, increases with increasing temperature till T,
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Figure 3.11: Magnetic viscosity, S, as a function of temperature at fields
100 Oe, 500 Oe and 1 kOe is compared with that obtained from x”(7T),
measured at H,. = 1 Oe and v = 87 Hz, using Eq.(7.15).
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Figure 3.12: (a) The peak value and (b) peak temperature of the normalized
magnetic viscosity of nanocrystalline Gd with average grain size of d =
12 nm as functions of external magnetic field together with the empirical
fits to the data.
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where the energy barrier collapses and beyond which the magnetic viscos-
ity, S, drops drastically. At higher fields but H < H,, as the population
in the metastable state is less, the magnetic viscosity, S, starts decreasing
at a temperature much less than 7T and this temperature decreases fur-
ther with increasing field. The temperature- and field-dependent magnetic
viscosity, S(T,H), is an evidence for the presence of a strongly temperature-
dependent energy barriers and hence for the magnetocrystalline and inter-

facial anisotropies prevalent in nc-Gd.

3.3.3 Coercivity and Remanence

The M-H hysteresis loops, measured up to 15 kOe at various temperatures
below T¢, are shown in figures 3.13 and 3.14 for the d = 12 nm and 18 nm
samples, respectively. The insets of the figures 3.13 and 3.14 show enlarged
view of hysteresis at low fields. Figure 3.15 shows the coercive field, H¢s
(open symbols), and the remanent magnetization, M, (closed symbols in
the inset of Fig.(3.15)) as functions of temperature. This figure also dis-
plays the best fits, based on the Eq.(6.22), with m(7") = M,(T") (continu-
ous curves) and m(T) = M,.,(T) (dashed curves). Since the spontaneous
magnetization could not be determined from the Arrott (M? versus H/M)
plots as they exhibit finite curvature even at fields as high as 90 kOe, the
remanent magnetization is used instead of spontaneous magnetization to
fit the expression for coercivity to the data. The use of irreversibility in
magnetization in place of the spontaneous magnetization in the expression
for coercivity also generates good fits to the data. The finding that the
theoretical fits adequately describe the Ho(T') data strongly indicates that

shape anisotropy plays a crucial role in the magnetization reversal process.
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Figure 3.13: The M-H hysteresis loops for the d = 12 nm sample in the
field range —15 kOe < H < 15 kOe at a few representative temperatures.
The inset shows the enlarged view of the low-field portions of the hysteresis
curve taken at 17.8(12) K.
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Figure 3.14: The M-H hysteresis loops for the d = 18 nm sample in the
field range —15 kOe < H < 15 kOe at a few representative temperatures.
The inset shows the enlarged view of the low-field portions of the hysteresis
curve taken at 15.6(3) K.
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Figure 3.15: The coercive field, Hs as a function of temperature for the d
= 12 nm and 18 nm samples along with the fits that set m(T) = M, (T)
(continuous curves) and m(T") = M;,..(T) (dashed curves). The inset shows
the temperature variation of the remanent magnetization for the d = 12 nm
and 18 nm samples.
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3.3.4 Approach-to-saturation

Approach-to-saturation (ATS) is another important aspect of the magneti-
zation processes. We observe that, even at fields as high as 120 kOe and
temperatures as low as = 1.95 K, magnetization does not saturate. In
the polycrystalline gadolinium samples with nano-size grains, nc-Gd, crys-
tallographic directions and hence the easy directions of magnetization are

oriented at random from grain to grain.

The conventional ATS model (Eq.(6.23)), that takes into account the
plastic strain due to defects/grain boundaries (the 1/H term) and magne-
tocrystalline anisotropy (the 1/H? term) together with the high-field sus-
ceptibility, fails to describe M(H) at different temperatures in that the
temperature variation of the magnetocrystalline anisotropy contribution,
b, obtained by fitting Eq.(6.23) to the M (T, H) data, is not in agreement
with that calculated (Eq.(5.35)) by assuming a random orientation of the
anisotropy field (Fig.3.16).

Next, an attempt is made to ascertain whether or not the random
anisotropy (RA) model (Eq.(5.37)) explains the magnetization processes
in the high-field regime (H > H., or H > H, > H,,), where the non-
collinear spin structure progressively collapses into a collinear one around
the field. Eventhough, the intra-grain anisotropy field is oriented at random
in nc-Gd and the random anisotropy model is expected to fit the data bet-
ter, the fits deteriorate (in terms of the reduced x?) in the low temperature
regime. A possible cause for the deviation could be that this model does
not take into account the intrinsic magnetocrystalline and magnetostatic

fluctuations prevalent in the nanocrystalline system.
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Figure 3.16: .The magnetocrystalline anisotropy contribution, b, to the de-
viation of the ferromagnetic saturation obtained by fitting Eq.(6.23) to the
M(T, H) data along with that calculated (Eq.(5.35)) by assuming random
orientation of grains.

By contrast, the micromagnetic model accurately reproduces the ob-
served M(T,H) and compared to that in random anisotropy model, the sum
of deviation squares, x?, is lower by an order of magnitude (Fig.3.21). In
micromagnetic expression, Eq.(3.51), the term H ~1/2 arises from both mag-
netostatic and magnetocrystalline fluctuations while the H~3/2 term origi-
nates from magnetostatic fluctuations alone, as it is evident from Eqgs.(3.48)
and (3.50), while xps is the high-field susceptibility. The tempera-
ture variation of the parameters Mg, ‘a’, ‘b" and xpy is shown in figure
3.20. The temperature variation of the parameter Mg for both d = 12 nm
and 18 nm samples are consistent with the measured high-field magnetiza-
tion M (T, H = 120 kOe) for d = 12 nm [24] and M (T, H = 90 kOe) for
d =18 nm [28].

The parameters ‘a’ and ‘b’, which are a direct measure of the contribu-
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Figure 3.17: The M-H isotherms (symbols) in fields up to 120 kOe for the

nanocrystalline Gd with an average grain size of d = 12 nm at a few rep-
resentative temperatures along with the theoretical fits (continuous curves)

based on the micromagnetic model, Eq.(3.51).
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Figure 3.18: The M-H isotherms (symbols) in fields up to 70 kOe for the
nanocrystalline Gd with an average grain size of d = 12 nm at a few repre-
sentative temperatures starting from 2 K to 310 K along with the theoret-
ical fits (continuous curves) based on the micromagnetic model, Eq.(3.51).
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Figure 3.19: The M-H isotherms (symbols) in fields up to 70 kOe for the
nanocrystalline Gd with an average grain size of d = 18 nm at a few repre-
sentative temperatures starting from 2 K to 310 K along with the theoret-
ical fits (continuous curves) based on the micromagnetic model, Eq.(3.51).
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Figure 3.20: The parameters (a) a, (b) b, (inset to a) magnetization, (inset
to b) high field susceptibility obtained by fitting the micromagnetic model to
the M-H data at various temperatures on nanocrystalline Gd with average
grain size 12 nm and 18 nm up to 70 kOe along with that for 12 nm measured
up to 120 kOe.
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Figure 3.21: The reduced x? for micromagnetic (MM) model is compared
with that for random anisotropy (RA) model in the temperature range
2 K<T<310 K.

tions of magnetocrystalline and magnetostatic fluctuations, exhibit a dip at
T ~ 230 K, which suggests that the effective magnetocrystalline anisotropy
is going through a minimum around this temperature. The temperature 7
is close to the spin re-orientation temperature Tsr = 230 K observed in
the single crystal Gd [37]. At a temperature T** ~ 200 K, where the pa-
rameters ‘a’ and ‘0’ as functions of temperature go through a small hump,
Xnf(T') exhibits a dip. Similar characteristic features are present at around
50 K, where the magnetocrystalline anisotropy field is expected to be min-
imum in each grains as is the case in single crystal Gd [35, 36, 37]. As the
local magnetocrystalline (more precisely, the intra-grain and the interfacial)
anisotropy field has a decisive role to play in the intrinsic fluctuations, it is
not surprising that the characteristic temperatures of the effective magne-

tocrystalline anisotropy field, are reflected in the temperature variations of
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the parameters ‘a(T")’, ‘b(T)" and xns(T).

3.4 Summary and Conclusion

The magnetization, M (T, H), measured in ‘zero-field-cooled’ and ‘field-
cooled’” modes, reveals large irreversibility in magnetization below a charac-
teristic field in nanocrystalline Gd. This irreversibility is due to the mag-
netization of a sizable fraction of the total number of grains are trapped
in the metastable state, which is separated from the stable minimum by
the energy barrier brought about by the effective magnetocrystalline and
interfacial anisotropy fields. The time-dependence of magnetization is due
to the thermal activation process, by which the population of spins in the
metastable low-magnetization state decreases while that in the stable high-
magnetization state increases. The temperature- and field-dependent mag-
netic viscosity, S, reflects this thermal activation process over the temperature-
and field-dependent effective anisotropy energy barrier, which has a distri-
bution because of the variation in the grain sizes. The linear variation of
magnetization with [n(t) and the close similarity between x”(7T) and the
viscosity (normalized to H), suggests that the energy barrier distribution,
brought about by various anisotropies, is very broad. The temperature-
dependent and frequency-independent ac susceptibility also indicates that
the orientation of the intra-grain anisotropy field varies randomly from grain
to grain in nc-Gd. The temperature-dependent coercivity is in agreement
with the fact that the magnetization reversal process is predominantly gov-
erned by the shape anisotropy. The considerably slow approach to satura-

tion in nanocrystalline Gd is mainly due to the presence of large magne-
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tocrystalline and magnetostatic fluctuations. The temperature variations of
the coefficients of the H~/2, H=%/2 and the high-field susceptibility terms
shows a dip/peak at the characteristic temperatures at which the effective
anisotropy field either peaks or vanishes, as in the case of single crystal

gadolinium.
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Chapter 4

Ferromagnetic Resonance
(FMR)

4.1 Introduction

Ferromagnetic resonance is the resonant absorption of external microwave
radiation in ferromagnetic materials. When a magnetic dipole, due to the
spin angular momentum of an electron, is placed in an external magnetic
field of uniform strength, H, it precesses around the direction of the mag-
netic field. The frequency of the precession (the Larmor precession fre-
quency) is related to H by

wp =vH (4.1)

where v = gup/h is the magneto-mechanical (gyromagnetic) ratio of the
electron. As illustrated in figure. 4.1, resonant absorption of energy can
occur when this magnetic dipole is exposed to an external electromagnetic

radiation of frequency w = wy, applied in a plane perpendicular to the

The following article is based on the results presented in this Chapter:
1. S. N. Kaul and S. P. Mathew, Nanosci. Nanotech. Lett., (at press).
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Figure 4.1: Principle of the ESR experiment.

direction of H. The resonance condition (w = wy) can be written in an

alternative form as

hw=gupH (4.2)

This phenomenon is the well-known electron spin resonance (ESR) which
occurs in substances with unpaired electron spins and in which the magnetic
moments do not interact with one another. In the case of ferromagnetic sub-
stances, the situation is quite different from that of non-interacting spins
as in paramagnetics. The phenomenon of ferromagnetic resonance (FMR),
first discovered by Griffiths [1], is the resonant microwave absorption in a
system of strongly interacting spins. A strong short-range exchange interac-
tion leads to a parallel alignment of spins in the ground state, which, in turn,
gives rise to a large resultant magnetization or a large internal field. The
spins within a ferromagnetic material thus not only experience the external
magnetic field, H, but also the internal (exchange) field due to the remain-
ing spins in the system. Consequently, the resonance condition, Eq.(7.2),
needs to be modified in that the external field H has to be replaced by an
effective field H.¢, which, besides H, takes into account the internal fields

as well as the anisotropy fields present in ferromagnetic materials.
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4.2 Theoretical Background

Landau and Lifshitz (LL) [2] proposed the first phenomenological equation
of motion for magnetization in a ferromagnet in the presence of an external
magnetic field H of the form,

O — o (01 % By ) — <3 (31 % 0T < By (4.3)
The first term on the right-hand-side represents the torque experienced
by the magnetization vector, M, in an effective magnetic field, H.sr =
— OF/OM , where the free-energy functional F[M] consists of the Zeeman
energy, energy contributions from magnetic anisotropies and exchange in-
teraction energy. The second term in Eq.(7.3) is the LL damping torque
which governs the relaxation towards equilibrium and the parameter A char-
acterizes the relaxation rate. As this equation is not entirely correct at low

frequencies, Gilbert (G) [3] suggested a modified equation of motion, i.e.,

dM Lo N [ - dM
= = (M x Hegy) + (M x —> (4.4)

dt ~yM?

In the small damping limit, the Landau-Lifshitz and Gilbert damping forms
are equivalent and hence the equation of motion for magnetization, Eq.

(7.4), is known as the LLG equation and A as the LLG damping parameter.

Two approaches have been adopted to determine the resonance fre-
quency or equivalently, resonance field, from Eq.(7.4). In the first approach,
coupled differential equations for the time-dependent magnetization com-
ponents are solved to yield the intensity, FMR lineshape and resonance
linewidth. The second approach neglects the dynamical aspects of FMR to

arrive at the resonance frequency or field. Both the approaches have cer-
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tain advantages and limitations, as brought out clearly below by the model

calculations based on them.

4.2.1 Lineshape Calculations

Consider an ellipsoidal isotropic ferromagnetic sample which is subjected to
a homogeneous external static magnetic field H directed along the z-axis
and to a weak alternating magnetic field, A(t) = h ¢ (|h(t)| << |H|)
acting in the xy plane. As a result of the combined action of these fields,
the magnetization comprises a steady and an alternating component, i.e.,
M = M, + m(t) with m(t) = m ' and |m(t)] << |M,]. Assuming that
the steady field is intense enough to saturate the ferromagnetic sample so
that M, and H point in the same direction, the Gilbert form of equation
of motion for magnetization (hereafter referred to as the LLG equation) is
given by Eq.(7.4) where ﬁeff = H + E(t) + Hyopn + ﬁA, Hyom = —D - M
is the demagnetizing field, H, is the magnetic anisotropy field arising from
magnetocrystalline anisotropy, which in the present case, is to be taken of
uniaxial type; Hyg = —Dy - M is the uniaxial anisotropy field with easy axis
along H; D and Dy, are diagonal tensors, v = gle|/2mc is the gyromagnetic
ratio, M is the saturation magnetization and X is the Gilbert damping

parameter. Substitution for M and ﬁeff in Eq.(7.4) yields [4, 5]

) o [3h ¢ )+ ) (B 51— x (B 30
+ 75‘42 ([MS + m(t)] x %W[s + m(t)]ﬂ (4.5)

where use has been made of the relation dM,/dt =0 = — (M, x H) and
the term —v[m(¢) x h(t)] has been dropped because of its small magnitude.
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Using the above-mentioned exponential form for ni(¢) and neglecting the
second order terms, the Cartesian components of Eq.(7.5) can finally be

written in the form [4, 5]

(iw/y)my + [H + (Dy + Dyy — D, — Dy,) Mg +il' my = Msh,  (4.6)
—[H + (Dy + Dyy — D, — Dy, ) Mg + i’ my + (iw/vy)my, = —Mh, (4.7)

and
m, =0 (4.8)

where the FMR LLG linewidth I' = Aw/~4%M,. Elimination of m, from
Eqgs.(7.6) and (7.7) gives

My = Xaaha + Xoyhy (4.9)

with
Xz = [H + (Dy + Dy, — D, — Dy.) M, + iU Mgy~ (4.10)
Xay = (10 /7)Msy™ (4.11)

and

n=[H+ (Dy+ Diy — D, — Dy,) M| [H + (Dy + Dy, — D, — Dy,) M]
= T% = (w/7)* +iT [2H + (Dy + Dy + Dga + Diyy = 2D- = 2Dy) M|
(4.12)
Elimination of m, instead of m, from Eqgs.(7.6) and (7.7) would have re-
sulted in

My = Xyalta + Xyyhy (4.13)

where Xz, = Xyy = X 1s the dynamic susceptibility and ., = =Xy = G, G
is the gyration vector. Recalling that both the dynamic susceptibility and
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dynamic permeability p are complex, i.e., x = x' —ix” and pu = ' — iy,
and using the relation y = 1 4 47y, the real and imaginary parts of the
(complex) dynamic permeability are given by [4, 5]

af[H + (Dy+ Dy, — D, — Dy, )M,|[B+ (Dy + Dy — D, — Dy.)] — ?
r _(w/'Y)Q} + 6F[(B + H) + (D;r + Dy + Dkx + Dk:y - 2Dz - 2Dk;z)Ms]

o (&1 %)
(4.14)
{—=al'(B+ Hy) — (H + Hy)| + B[(B + Hy) — (H + Hy)]
W= X [H 4+ (Dy + Dy, — D, — Dy, ) Ml} (4.15)

(a®+ 8%

with

a=[H+ (Dy+ Dyy — D, — Dy, ) M|[H + (Dy + Dy — D, — Dy.) M|

— T2~ (w/y)’ (4.16)
p=I12H + (D, + Dy+ Dyy + Dy, — 2D, — 2Dy, ) M| (4.17)

and
B = H + 47 M, (4.18)

For a flat circular disc (the sample shape used in the present experiments),
with H applied along the symmetry axis (z axis) so far as the uniaxial
anisotropy is concerned and lying in the sample plane (parallel geometry or
configuration), D, = D, =0, D, = 47 (z-axis is taken to coincide with the
polar axis), Dy, M; = Dy, M, = Hj, and Dy, = 0. Substituting these values
of components of D and Dy, Egs.(7.14)-(7.17) are simplified to yield [4, 5]
(H + Hy)(B + Hy) = T? = (w/7)!](B + Hy)? = T? — (w/7)?]
/ +2I'?(B + Hy)(B + H + 2Hy)

W=l + H) B+ Hy) — T2 — (w/7)?2 + T2(B + H + 2H, )2
(4.19)
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and

—20(B + Hy)[(H + Hy)(B + Hy,) — T2 — (w/7)?]

" o__ +F(B + H + 2Hk:)[(B + Hk:)2 — 12— (W/V)Q] (4 20)
W IHTH) B+ Hy) -T2 — (/)P + 2B+ H+2H, )2

The power absorbed by the sample, which is proportional to the surface

impedance, in the parallel geometry, is given by
P” x [(M/Q +M”2)1/2 +#//]1/2 (4'21)

The theoretical variation of the Power absorption derivative, dP)/dH, can,
therefore, be computed by combining equations (6.19)-(6.21) and taking the
field derivative of the resulting expression. From Egs.(7.6) and (7.7), the
resonance frequency w = wyes is calculated by the condition that m, and
m,, have non-trivial solutions only when h, = h, = 0. In other words, this

implies that

{_[Hres+(Dy+Dky

Zwres/7 _Dz—Dkz)MS"‘iF}}

—0 (4.22)
{7[HTCS+(DCL‘+D]C(E

—D.—Dy.) M+l | ires Y

where H,., is the (steady) resonance field corresponding to wy.s. After a

few simplifying steps, the following relation is arrived at [4, 5]

[(w/7)*4+1%] = [Hyes+(Dy+Diy— Dz Diz) M) [Hyes+( Dt Dip— D~ Diz ) M|
(4.23)

The subscript for w,.s is dropped because in experiments the microwave-field

frequency, w, is kept constant while the steady field, H, is swept through

the resonance.
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x /

Figure 4.2: Coordinate system showing various angles used in the com-
putation of angular variation of resonance field for the ‘in-plane’ (IP) and
‘out-of-plane’ (OP) cases.

4.2.2 Angular Variation: Resonance Field

With the choice of the coordinate system as shown in figure 4.2, different
contributions to the free-energy density, F, for a film with cubic magne-
tocrystalline anisotropy and an in-plane uniaxial anisotropy are given as
follows. The direction cosines of magnetization vector, M , with reference
to x,y, z axes are o = sinfy;cospy; 3 ap = sinfysingy;, and az =
cos 0y so that the contribution of cubic magnetocrystalline anisotropy (MCA)

to F is

2 2 2 2 2 2 2 2 9
Fr. = Ki(aja; + aza5 + azay) + Keajosas

= sin? 0K cos? Oy + (K, + Ky cos? 0y) sin? 0y sin® ¢y cos? ¢ay]
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The easy axis for the uniaxial anisotropy lies along a direction ([—7 k) which
makes an angle ¢ with x-axis (Fig. 4.2) with the result that the contribu-
tion to F due to uniaxial anisotropy is given by F, = K, sin® €@ ; where ¢’ is
the angle between M and Hj,. Recognizing that 6’ = cos™ [sin 0y, cos(¢n —

¢K)]7
Fg, = Ku(1 —cos®0') = K,[1 — sin® 0y cos®(¢rr — ¢xc)]

Including the Zeeman, F,, and shape anisotropy, Fg, contributions, the
total free-energy density becomes
F=F;+ Fsg+ Fx, + Fkg,
= — M H (sin 0y sin 05 cos(par — dp) + cos Oy cos O ) + 2 M? cos? Oy
+ K sin? 0y (cos® Oy + sin? O,y sin® ¢y cos® dpy)

+ Ky cos? Oy sin® 0y sin® ¢y cos® guy + Ku[1 — sin® 0y cos®(opar — ¢xc)]

(4.24)
The equilibrium conditions for magnetization are 9F/90,; = 0 and
OF/0¢y = 0 and the resonance condition is [6]
w)? 1 *F 0°F\’ 0*F
(5) T M2sin 6y (8% ' (%%w) - (M) 429)

The first equilibrium condition for magnetization, OF /06, = 0, yields the

result
H,(sin @y cos Oy — cos Oy sin Oy cos(dnr — o)) = 2w M sin 20y,

K
— ﬁ[sin 40y + 4 sin® 0y sin 20,7 sin® ¢y cos® Gy

Ky 1
+ ﬁ[é sin 260y (cos 460y — 4 cos 20, + 3)
— (3sin @y, — sin 30x;)(3 cos Oy + cos 30,;)] sin? @ay cos® Py

H
+ TK sin 2057 cos? (s — dxc) (4.26)
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the second equilibrium condition for magnetization, 0F/0¢y = 0, gives,
H,sin Oy sin(¢y — dpr) = ﬁ sin® 0y sin 4 (K1 + Ky cos? 0y)
+ %sinGM sin2(¢pp — éx) (4.27)
where Hyx = 2K /M, Hi, = 2K;/M and Hg, = 2Ky /M.
‘In-plane’ case

In the ‘in-plane’ case, both M, and H are confined to the sample plane
(xy-plane), i.e., 0y = 0y = 5, and the angles ¢/, ¢ and ¢ are measured
with respect to the x-axis in the sample plane, i.e., ¢y = ¢, ¢y = ¥ and
¢x = &. The resonance and equilibrium conditions in this case are obtained

from Eqgs.(6.25) and (6.29) as

Resonance condition

2
(%) - {HT cos(t) — @) + (4 M + Hy, cos™(¢ — €)) + Hf (3 + cos 4¢)

+ Hé(Q (1 — cos 4¢)} X {Hﬂ cos(tp — @) + Hy, cos2(¢p — &) + H, cos 4@5]
(4.28)

Equilibrium condition for magnetization

sing) cosw] ! (4.20)

HJJ - [HK1(2C052¢_ 1)+HK7J Linqﬁ cos ¢

‘Out-of-plane’ case

In the ‘out-of-plane’ case, H, M and Hy are confined to the xz-plane
so that oy = ¢y = ¢ = 0 and the angles 0y and 0, are measured with
respect to the z-axis (normal to the sample plane). The resonance and

equilibrium conditions in this case are derived from Egs. (6.25) and (6.26).
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Resonance condition
w0\ 2
(—) = { [HTl cos(aw — 0) — (4nM + Hg,) cos 20 + H, cos 40
f)/
X [Hrl cos(a — 0) — 4w M cos® 0 + Hy, sin* §

+ Hg, (sin? @ + cos? 0 cos 26) + Hy, sin” 6 cos® 9} (4.30)

where 0y = o and 0, = 0.

Equilibrium condition for magnetization

: -1
Ht = [4nM + Hg, — Hg, cos 20 {COSO[ smoz}

4.31
cosf@ sinf (4.31)

4.2.3 Linewidth

The ‘peak-to-peak’ ferromagnetic resonance linewidth, AH,,, is a measure
of the rate at which magnetization relaxes back to equilibrium once the
static magnetic field is switched off. The measured FMR linewidth, AH,,,
is caused by two mechanisms: the intrinsic damping of magnetization, and

the magnetic inhomogeneity of the ferromagnetic sample, and is given by

AH,, = AHppom + 1.16 (4.32)

VM(T,H)

AH;phom describes the frequency-independent (inhomogeneous) FMR line-
broadening that originates either from two-magnon or multi-magnon scat-
tering from spatially localized magnetic inhomogeneities [7] such as (a) the
variation in the crystallographic directions from one nanocrystal to the
other, (b) randomly distributed defects, which is a predominant effect in

nanocrystalline materials, (c) the distribution in the internal fields, etc. or
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from a distribution in the demagnetizing fields [8] or from the exchange-
conductivity mechanism [9, 10, 11, 12]. AH;upom is particularly large when
the uniform mode resonance (k = 0) couples to the spin waves with k # 0
[13]. Magnetic inhomogeneity is reflected in FMR spectra as a distribution

of local resonance fields.

The frequency-dependent intrinsic damping, described by the second
term on the right-hand side of the Eq.(7.4) (Gilbert damping term, AHy 1),
reflects the viscous damping of the magnetization motion (and low-energy
spin waves) excited in the FMR process. AHp ¢, resulting from the LLG
relaxation mechanism [4, 5, 9, 14, 15], is a measure of microscopic mecha-
nism by means of which the absorbed microwave energy is dissipated from
the spin system to the lattice resulting in the generation of phonons. A de-
pends on temperature [16], the wavevector ?, and may exhibit anisotropy

(15, 17].
Angular Dependence

The LLG contribution to AH,, depends on the polar, #, and azimuthal, ¢,

angles of magnetization [18], and can be calculated from the expression

2 1 A (82F 1 82F>

AH =——— 4.
hom(ea ¢) \/g,agw ’M2 902 + sin20 a¢2 ( 33)

AHpom goes through a minimum at the principal magnetic directions and

it has a maximum where the magnetization direction varies strongly. The
magnetization precessing around easy axis is more viscously damped, since
it has to move into an unfavorable hard direction. For the magnetic field
along the hard axis, ]\_4> precesses towards the easy direction and is less

damped. The viscous damping mechanism has its microscopic origin in the
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spin-orbit interaction, which couples the spin to the lattice. The analysis
of the angular dependence of AH,, is complicated by the fact that an un-
ambiguous separation of the various contributions to AH,, is not possible.
For this reason, we have not made any attempt to quantify the angular

variations of AH,, observed in the IP and OP sample configurations.

Exchange Conductivity Contribution

In ferromagnetic materials, apart from the damping term, there is also a
contribution to the line-broadening due to the exchange-conductivity mech-
anism. It is well-known that in highly conducting metallic specimens, mi-
crowave field penetrates only a thin surface layer of the sample of thickness
50nm and as a result, the dynamic magnetization (exchange-coupled set
of spins) becomes inhomogeneous. The spatial variations in magnetization
exert a torque on M which is expressed as (24y/M?2)(M x VM), where A
is a phenomenological exchange stiffness parameter. Thus, this exchange-
conductivity term should be included in the equation of motion of the mag-
netization, Eq.(7.4), and then the resulting equation solved in conjunction
with the Maxwell’s equations to obtain a correct solution for the observed
lineshape. The exchange term leads to a shift in the resonance field and
also contributes to the broadening of the resonance line. This term would
become unimportant if the conductivity is low or if the exchange stiffness is
small. The conductivities of nanocrystalline metals are typically one order
of magnitude lower than those of single crystals and the average grain size
(~ 12 — 18 mm in the present case) is much smaller compared to the skin
depth. Moreover, the exchange-conductivity effect is seen only at low fields.

Thus a total neglect of the exchange-conductivity term in the equation of
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motion for magnetization is fully justified in the case of nanocrysatlline
— —
metals provided M and ﬁmt are replaced by their average values, i.e., (M)

and (ﬁmt>

4.3 Microwave Power Absorption Derivative
(PAD) Curves and FMR Lineshape
Analysis

Microwave power absorption derivative, dP/dH, versus static magnetic field,
H, (PAD) curves were recorded on nc-Gd at a fixed microwave field fre-
quency of 9.23 GHz in the parallel (||) sample configuration (in which the
static magnetic field is applied in the sample plane) over the temperature
ranges 113 K < T < 223 K and 298 K < T < 323 K at 2K steps,
223 K <T <278 K at 1 K intervals, 275 K < T <295 K at 0.5 K inter-
vals (Fig. 4.3), and in the critical region (285.5+ 1 K) at 0.1 K intervals
(Fig. 4.7). The (dP/dH)-H (PAD) curves, at a few selected temperatures
in the temperature range 113 K < T < 323 K, were also recorded as a
function of the angle 1) between the static magnetic field vector, ﬁ, and
the easy direction of magnetization within the sample plane in the ‘in-plane’
(IP) sample configuration, and as a function of the angle « that ﬁ makes
with the normal to the sample plane in the ‘out-of-plane’ (OP) sample con-
figuration. From the elaborate FMR lineshape analysis (whose details are
given elsewhere [4, 5, 19]), the physical quantities deduced from the dP/dH
vs. H curves are the resonance field, H,.s; (defined as the field where the
dP/dH = 0 line cuts the dP/dH versus H curve or alternatively as the field
where dP/dH possesses half the peak-to-peak value if the dP/dH vs. H
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dP/dH (arb. units)

Figure 4.3: The temperature evolution of the microwave power absorption
derivative curves in the range 113 K < T < 323 K for the sample n-Gd
using the ||* sample geometry. PAD curves at all temperatures are not
displayed for better clarity.
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Figure 4.4: Field dependence of the microwave power absorption derivative
curves at a few representative temperatures (open symbols) along with the

optimum lineshape fits to the data (continuous curve) based on Egs.(6.19)-
(6.21).
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curves are symmetrical about the baseline), and the peak-to-peak linewidth,
AH,, (defined as the field difference between the extrema of the dP/dH
versus H curve). It has been observed that the peak-to-peak linewidth,

AH,

»p, forms an appreciable fraction of the resonance field, H,.s, for the

nanocrystalline material under study, and hence, the observed value of H,..4
can differ significantly form the actual (“true”) resonance center. For this
reason, a complete lineshape calculation for each resonance line has been
carried out separately. Such a calculation consists of fitting the theoretical
expression, Eq.(6.21), with the aid of Egs.(6.19) and (6.20), by making use
of a non-linear least-squares fit computer program which treats the satu-
ration magnetization, M(T), the ‘peak-to-peak’ linewidth, AHpp = 1.45T,
and the ‘in-plane’ uniaxial anisotropy field, Hg, as free fitting parameters
while keeping the Landé splitting factor, g, fixed at the spin-only value 2.00
[20]. Figure 4.4 serves to demonstrate the quality of FMR lineshape fits
(continuous curves) to the data (open circles) taken at the end tempera-
tures of the temperature range covered in the present FMR experiments

and at T' = T, yielded by the lineshape analysis method.

4.3.1 Resonance Field: Temperature Dependence

Figure 4.5 displays the temperature variations of the observed resonance
field, H,.s(T). In a conventional ferromagnet, H,.s increases slowly with
temperature for T < Ty but the rate of increase picks up sharply for T" >
Tc. Contrary to this behavior, H,.s decreases with temperature till the
temperature 7% = 280 K, near T = 285.5(1) K, is reached. H,.s(T),
however, show a normal behavior only when T exceeds 7™, where H,.s(T')

goes through a steep minimum.
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4.3.2 FMR Linewidth: Temperature Dependence

Figure 4.5 displays the temperature variations of the ‘peak-to- peak” FMR
linewidth, AHpp(T'), obtained from the lineshape analysis. In a conven-
tional ferromagnet, AHpp is typically of the order of few hundreds of Oe
at low temperatures and goes through a sharp cusp at T' = T. Contrasted
with this behavior, AHpp(T') is abnormally large (= 3.3 kOe) at temper-
atures in the range 113 K < T < 185 K and decreases with temperature
in approach to T* = 280 K. AHpp(T), however, shows a normal behavior

only when T exceeds T*, where AHpp(T) “peaks”.

4.3.3 ‘In-plane’ Uniaxial Anisotropy Field:
Temperature Dependence

Inset of Figure 4.5 displays the temperature variation of the ‘in-plane’
anisotropy field, Hy (T), obtained from the lineshape analysis. Hg(T) ex-
hibits a broad peak at the spin-reorientation temperature [21], (where K,
changes sign and K, is vanishingly small; K, and K, are the temperature-
dependent uniaxial magnetocrystalline anisotropy constants) and falls rapidly
in magnitude as the T = 285.5(1) K is approached. This behavior of Hg
is in sharp contrast with that (Hx = 0 at 7' = Tsg and peak at T' = T¢)
observed [21] in single crystal Gd when the magnetic field is applied in a

direction other than the c-axis (the easy direction of magnetization).
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Figure 4.5: The ‘peak-to-peak’ FMR linewidth, AHpp, and the ‘in-plane’
anisotropy field, Hx (inset), obtained from the lineshape analysis of PAD
curves, and the observed resonance field, H,.,, as a function of temperature.
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4.3.4 Magnetization: Temperature Dependence

Figure 4.6 compares the functional dependence of magnetization on tem-
perature, M(T) (open circles), yielded by the lineshape analysis, with that
of the bulk magnetization measured [22] at H = 500 Oe in the ‘Zero-Field-
Cooled’ (ZFC) and ‘Field-Cooled” (FC) modes (continuous curves) on the
same sample. The inset of Fig.4.6 depicts the temperature variation of the
FC magnetization measured [22] at H = 2.2 kOe. The temperature de-
pendence of the saturation magnetization, deduced from the FMR data, is
anomalous in that M (T') exhibits a broad minimum at = 142 K followed by
a peak at 280.2 K as opposed to a progressive decline in magnetization with
increasing temperature followed by a steep fall for T > T in a conventional
ferromagnet (similar to the functional form of M (T') shown in the inset of
Fig.4.6). Another striking aspect of M (T) is that the magnetization has a
much lower magnitude at all temperatures compared to that expected for
a normal ferromagnet in which M at fixed T" gets saturated at fields com-
parable in strength to H,.s at that temperature. To elucidate this point
further, H,.s, the ordering field H conjugate to M, has an average value of
2.5 kOe within the range 113 K < T < T¢. A field of this intensity should
be able to generate magnetization values at different temperatures similar
to, if not higher than, those directly measured [22] on the same sample at
H = 2.2 kOe (inset of Fig.4.6). On the contrary, M(T') is substantially
reduced (by a factor ranging from 4.5 at 113 K to 1.5 at Tz = 285.5 K) in
magnitude compared to M (T, H = 2.2 kOe). Instead M (T') has essentially
the same functional dependence and magnitude as the ZFC magnetization
measured [22] at a much lower field of strength H = 500 Oe. By compari-

son, the FC magnetization measured at the same field value H = 500 Oe is
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Figure 4.6: Comparison between the saturation magnetization, M(T) (open
circles), obtained from lineshape analysis of PAD curves, and the bulk mag-
netization measured at H = 5000e¢ in the ‘zero-field-cooled’ (ZFC) and
‘field-cooled’ (FC) modes (continuous curves). The inset shows the FC
magnetization measured at H = 2.2k0e as a function of temperature.
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much higher (Fig.4.6) particularly at 7' << T¢.

The above anomalous features of AHpp(T'), Hx(T) and M(T) can be
understood as follows. To start with, let us recall that implicit in the line-
shape calculations are the conditions: (a) the applied static fields are strong
enough to overcome the shape and magnetocrystalline anisotropy fields so
that the magnetization is saturated and the entire sample is a single do-
main, and (b) the magnetization vector, M, lies along the direction of the
static field, H, and its magnitude does not change when the static field is
swept through resonance. None of these conditions is satisfied in the present
case because the crystallographic axes vary randomly from one nano-grain
to the other and so also the intra-grain easy direction of magnetization.
Consequently, we are dealing with a multi-domain sample in which the do-
main magnetizations are oriented at random and extremely intense fields
are needed to overcome the random intra-grain anisotropy and the inter-
facial random anisotropy fields. The unusual temperature dependence of
Hy thus reflects a strong interplay between these two types of anisotropies
with the interfacial random anisotropy proving more decisive in deciding the
functional form of Hx (7). In a multi-domain sample (when the fields of the
order of resonance field do not suffice to produce saturation), the observed
resonance is a convolution of the closely-spaced resonances due to the differ-
ent nano-grain domains (each intra-grain domain gives rise to a resonance)
and hence is invariably much broader than a single-domain resonance. As
the sample temperature is raised, the anisotropies progressively weaken and
the applied static field, H, is more effective in orienting the domain mag-
netizations with the result that the observed resonance becomes sharper

and sharper, as is evident from Fig.4.5. The dominance of the interfacial
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random anisotropy over the random intra-grain anisotropy for temperatures
below T and the temperature-dependent competition with H explains the
strongly suppressed values of M (T') as well. Moreover, in the present FMR
experiments, the sweeping rate of H is rapid compared to the spin-spin and
spin-lattice relaxation times but slow enough to maintain the steady state
(or more precisely, the adiabatic rapid passage) condition temporarily so
that the angle that M makes with H is preserved through resonance (even
though the magnitude of M is not). It is, therefore, not surprising that the
functional form of M (T") resembles that of the ZFC magnetization (Fig.4.6),

which is the magnetization developed in the metastable state.

4.3.5 Critical Behaviour

FMR Linewidth

The temperature variation of the ‘peak-to-peak’ FMR linewidth, AH,,(T),
in the critical region goes through a sharp cusp, which is embedded in the
large inhomogeneous and LLG contributions, at the Curie temperature, T¢
(Fig. 4.5). This cusp is a manifestation of the critical fluctuations of the
order parameter (spontaneous magnetization) that actually drive the FM-
PM phase transition. A cusp in AH,,(T) at T = T¢ is a feature common to
ferromagnets in the bulk [9, 23] and ultrathin [14, 24, 15] forms. Frequency-
dependent FMR studies on a large number of ferromagnetic systems in
the crystalline or amorphous states [9, 7, 25, 26] have revealed that AH,,
consists of a frequency-independent part, AHy, and Landau-Lifshitz-Gilbert
(LLG) part, AH ¢ = 1.16 (Aw/v*M), which has a linear dependence on

the microwave frequency w = 2 7 v. An empirical relation between AH,,
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and M~! of the form
AH,,(T)=AH(0)+ [A/M(H,T)] (4.34)

holds in a narrow temperature range in the critical region. The terms AH (0)
and [A/M(H,T)| in Eq.(5.34) can be identified with AH;ppom and AH 1,
respectively, in Eq (5.32). The LLG contribution to the linewidth, AH ¢,
increases with decreasing magnetization. However, the AH(0) decreases
with temperature as the above said contribution vanishes with decreasing
magnetization, gives rise to a peak at the FM-to-PM transition temperature,
Tc.

Scaling of Magnetization

The critical behaviour of magnetization is characterized by magnetization

obeying the scaling equation of state (SES) of the form [27]
M/lel” = fo(H[|e]") = fu(h) (4.35)

where f,_(h) and f_(h) are the scaling functions for temperatures above and
below T, respectively. With the choice To = 285.5(1) K, f = 0.5 and
v = 1.0, the above scaling equation of state forms a correct description
of the M(T, H,.;) data in the critical region as is demonstrated by the
double logarithmic plot shown in figure 4.8. Thus, the scaling equation of
state analysis of the magnetization data in the critical region yields the
ferromagnetic-to-paramagnetic transition temperature, T, as 285.5(1) K
and the critical exponents 8 and ~ for the spontaneous magnetization and
initial susceptibility as the mean-field values 5 = 0.5 and v = 1.0 (Fig.
4.8). The corresponding values for T, § and 7 reported in the literature
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Figure 4.7: The temperature evolution of the microwave power absorption

derivative curves in the critical region for the sample n-Gd using the

sample geometry.
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Figure 4.8: Scaling of reduced magnetization, M/|e|?, with reduced field,
H/|e|"* the M(T, H,.,) data collapse for T < T and T' > T¢ on to two
universal curves for the specified choice of 8, v and T.. Here e|T' —T¢|/Te.
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[28, 29| for single crystal Gd are T = 292.77(1) K, f = 0.5002(6) and
~ = 1.0008(5). This comparison shows that the critical behavior of magne-

tization is not affected by nanocrystallization.

4.4 Angular Dependence of FMR Spectra:
‘In-plane’ and ‘Out-of-plane’
Sample Configurations

4.4.1 Angular Variation of the Resonance Field

The PAD curves were recorded at various fixed temperatures from 134 K
to 294 K as a function of the angle ¥ between the static magnetic field,
ﬁ, and the easy-direction within the sample plane in the ‘in-plane’ (IP)
configuration, and as a function of the angle o that Hz makes with the
normal to the sample plane in the ‘out-of-plane’ (OP) configuration. The
angular variations of the PAD curves with the angles ¥ and « in the IP
and OP samples configurations displayed in the figures 4.9 and 4.10, are
characteristic of the nanocrystalline systems. The functional dependences
of the resonance field, H,.s, and the ‘peak-to-peak’ linewidth, AH,,, on the
angles ¥ and « for the two sample geometries, deduced from the observed
dP/dH versus H curves (Figs. 4.9 and 4.10), are depicted in figures 4.11,
4.12 for H,.s and 4.13(a and b) for AH,,. Figures 4.11 and 4.12 present the
following features. In the IP case, H,.s as a function of the angle 1) goes
through two maxima at 1) ~ 45° and 135° and three minima at 1) = 0°, 90°
and 180°%; H,.s has the same value (within the uncertainty limits) at ¢» = 0°

and 180° but has a higher value at ¢ = 90° than at ¥ = 0° or 180°. Such
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Figure 4.9: The ‘in-plane’ angular variation of the PAD curves taken at the
specified temperatures.
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Figure 4.10: The ‘out-of-plane’ angular variation of the PAD curves at
specified temperatures.
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a functional form of H,.s(¢) is symptomatic of the simultaneous presence
of cubic (two maxima at 1 ~ 45° and 135° with three equal minima at
1 = 0° 90° and 180° and uniaxial (a peak at ¥ = 90° with two equal
minima at ¢ = 0° and 180°) magnetic anisotropies. By contrast, in the
OP case, H,.s; has nearly the same values for the angles o = —90° and
+90° and H, ., reaches values higher than the upper limit of H = 11 kQOe in
the present FMR setup as a = 0° is approached either from below or from
above. This angular dependence of H,.s on « is also consistent with the
simultaneous presence of cubic, uniaxial and shape magnetic anisotropies.
In figures. 4.11 and 4.12, the continuous curves through the data points
(symbols) denote the variations in H,.s with the angle ¢ or « yielded by
the resonance and equilibrium magnetization conditions in the IP or OP
case, i.e., equations (5.28) and (5.29) or (5.30) and (5.31), when the self-
consistent procedure, illustrated below, is adopted. For a given direction of
H represented by a certain value of the angle ¥ («) in the IP (OP) case,
the corresponding equilibrium value of the magnetization angle ¢ (6) and
the values of Hy, and Hy, for each sample are self-consistently calculated
from equations (5.28) and (5.29) (equations (5.30) and (5.31)) using the
experimentally observed value of H,es(1)) (Hyes(«)) in a non-linear least-
squares fit computer program. To elucidate this procedure further,
we treat the IP case as an illustrative example (as the same procedure
is adopted to arrive at f(a) in the OP case). For a given field angle 1,
the magnetization angle ¢ is calculated from Eq. (5.29) using the H,.s
observed at that angle 1, magnetization M given by the lineshape analysis
and rough values for the anisotropy constants K; and K, so as to arrive at
the initial values of Hy, = 2ky/M and Hy, = 2k, /M. H,s at this value of
¥, calculated from Eq.(5.28) by setting £ = 0 and employing ¢ computed
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Figure 4.11: The ‘in-plane’ H,., as a function of field angle 6, at various

temperatures.



132 FERROMAGNETIC RESONANCE (FMR)

Out-of-plane

(kOe)

res

H

-90 -60 -30 0 30 60 20
O (degrees)

Figure 4.12: The ‘out-of-plane’ H,.s as a function of field angle «, at various
temperatures.



FERROMAGNETIC RESONANCE (FMR) 133

(degrees)
-90 -60 -30 0 30 60 90

8r * 135.7K
[Out-of-plane | X y
g ¥ | D
(i : m
5| * Rf :
S 3 ggxi& 40000 ST
= S O
£ 888888 88838
E
o 35| 0%%0
S o3BT E%goPt T 3%Pe
— %
3.0 | N /-Av/* T n— W *\*
(a)
25 Vv vV Vv VvV

—0—134.8K —X—220.2K —<—230.5K
—%—2528K v 288.0K —0—293.5K

™~ e
200, 007070 000 @

0 30 60 90 120 150 180

O (degrees)

Figure 4.13: The (a) ‘in-plane’ and (b) ‘out-of-plane’ linewidth as a function
of field angle #, at various temperatures.



134 FERROMAGNETIC RESONANCE (FMR)

(degrees)
[

0

O (degrees)

Figure 4.14: The variation of the equilibrium value of magnetization angle
6 with field angle a.

from Eq. (5.29), and the same values of M, Hy, and Hj, as those used
in Eq. (5.29), is compared with the observed value of H,.s in a theory
by treating K and K, as free-fitting parameters. The above procedure is
repeated with the new values of K7 and K, till the values of Ky, K, and ¢
computed from Eq. (5.29), when used in Eq.(5.28), yield the value of H,s

at a given 1 that conforms well with the corresponding observed value of

HT@S'

The equilibrium values of the magnetization angle 6, so obtained, are
plotted against « in figure 4.14. It is also observed that ¢ ~ v till b = 90°
and beyond ¢ ~ 180° — 1) till 180°. In view of Eq. (5.29), the observation
that ¢ ~ 1 basically reflects the fact that both the effective Hy, and Hy,
are negligibly small compared to H,.;. Alternatively, this result implies that

for any direction of the external static magnetic field in the sample plane,
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H,.s greatly exceeds both the demagnetizing field (which is extremely small
in the IP configuration), Hg, and H,, and hence the direction of ﬁs nearly
coincides with ﬁres. On the other hand, in the OP case, the increase in 6
is only marginal (from 0° to about 5°) as the angle « increases (decreases)
from —90° to —45° (90° to 45°) but picks up abruptly for values of « in the
range —45° to 0° or 45° to 0°. This observation can be understood as follows.
For angles o ranging between —90° and —45° or between 90° and 45°, the
magnetization vector ﬁs is unable to keep pace with the alterations in the
direction of the static magnetic field because the angle between ﬁs and ]T/)Tes
as well as ]ﬁres| are small and hence the torque experienced by ﬁs due to
ﬁm is not strong enough to counter the tendency of both shape, cubic and
uniaxial anistoropies to configure ﬁs to the sample plane. Consequently, 6
possesses small values in this range of a. By contrast, when « lies between
+20° and 0°, both the magnitude of H,.s and angle between ﬁs and ﬁres,
are large with the result that the torque exerted by ﬁms on ﬁs is now able
to work against the dictates of the shape and uniaxial anisotropies (cubic
anisotropy favours the movement of ﬁs towards o = 0 direction) and causes

0 to increase steeply in this angle range.

4.5 Summary and Conclusion

Extensive ferromagnetic resonance (FMR) measurements have been per-
formed at temperatures in the range 113 K < T < 323 K on the nanocrys-
talline Gd sample with average grain size 12(2) nm in the parallel configura-
tion. An elaborate lineshape analysis of the PAD curves taken at different

temperatures in the parallel sample configuration on nanocrystalline Gd
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clearly brings out the role of the random intra-grain anisotropy and the
interfacial random anisotropy in giving rise to several anomalous features
in the temperature variations of resonance field, H,.s, linewidth, AH,,,
anisotropy field, Hgx and magnetization, M that include: a dip (peak) in
H,.s(T) (M(T)) at a temperature very close to, but below, the Curie point,
T¢, unusually broad linewidths at low and intermediate temperatures and
a steep decline in AH,,(T") as T — T, a broad maximum in Hg(7") at the
spin reorientation temperature, and strongly suppressed M (T') particularly
at T < Ty which resembles the functional dependence of ‘zero-field-cooled’
magnetization observed at a field that is an order of magnitude smaller
than H,.s(T). The Scaling equation of state analysis of the magnetiza-
tion data obtained by the lineshape analysis in the critical region yields
Te = 285.5(1) K and mean-field critical exponents. The angle-dependent
FMR measurements taken in the ‘in-plane’ (IP) and ‘out-of-plane’ (OP)
sample configurations have been recorded at a number of fixed temperatures
from T"'= 113 K to T' = 323 K and the lineshape analysis reveal that be-
sides the shape anisotropy, the cubic and uniaxial magnetic anisotropies are
simultaneously present and they mimic the random intra-grain anisotropy

and the interfacial random anisotropy.
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Chapter 5

Bose-Einstein Condensation

5.1 Introduction

Historically, a thermodynamic phase transition in an ideal Bose gas at ultra-
low temperatures, in which a sizable fraction of the total number of atoms
or molecules with an integer spin (bosons) spontaneously condense into a
single lowest-energy quantum state, came to be termed as the phenomenon
of Bose-Einstein condensation (BEC). BEC thus represents a rare quan-
tum phenomenon in which BE condensates exhibit spontaneous quantum
coherence over macroscopic length and time scales. Though BEC is mod-
ified a great deal by interactions in Bose liquids, the superfluid transition
in liquid *He remained, by far, the most celebrated manifestation of BEC
till nearly two decades ago when BEC was observed in ultra-cold dilute

gases of alkali atoms at nano-Kelvin temperatures [1]. Theoretical predic-

The following articles are based on the results presented in this Chapter:
1. S. N. Kaul and S. P. Mathew, Phys. Rev. Lett., 106, 247204 (2011).
2. S. P. Mathew and S. N. Kaul, J. Phys.: Conden. Matter, 23, 266003 (2011).
3. S. N. Kaul and S. P. Mathew, AIP Conf. Proc., 1347, 41 (2011).
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tions [2, 3, 4] that bosonic elementary excitations in solids, quantum lig-
uids and giant molecules can also undergo the BEC transition have served
as a strong motivation to search for new systems where BEC could be
observed. Subsequently, BEC of quasiparticles at cryogenic temperatures
has been reported in a wide variety of systems such as excitons in bulk
Ge [5], biexcitons in CuCl [6] and GaAs/GaggsIngpsAs quantum wells [7],
phonons in Bi [8] and magnetic field-induced BEC of magnons in spin-dimer
compounds BaCuSiy0g (9], BazCryOg [10, 11], Sr3Cry0g [12], KCuCls
(13, 14, 15], TICuCl3 [16, 17, 18, 19, 20], NH,CuCl3 [21, 22] and Pby V30,
23], quasi two-dimensional spin-1/2 antiferromagnet CsoCuCly [24] and
the spin-gap compound NiCly — 4SC(N Hs)s [25]. Considerable attention
given to magnons, compared to other quasiparticle excitations, recognizes
their unique properties that make them potential candidates for BEC. These
attributes are: (i) at temperatures far below the magnetic ordering temper-
ature, T, magnons behave as weakly interacting bosons, (ii) magnons have
a much longer lifetime compared to the magnon-magnon scattering time,
Tm—m (which is of the order of 107®s) and magnon-phonon scattering time,
which is orders of magnitude smaller than 7, ,,, and (iii) magnon density
can be tuned by varying external magnetic field or temperature or both
and can reach values as high as 10cm ™. Recently, by sustaining a high
density (10'® —10%cm™3) of quasiequilibrium magnons in epitaxial yttrium
iron garnet films of thickness 5 —20um through continuous microwave para-
metric pumping, magnons have been shown to undergo BEC even at room

temperature [26].

However, the above works on BEC of magnons are not entirely free of

criticism [27, 28, 29], as elucidated below. In spin-gap quantum antiferro-
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magnets [9] - [23], the phase transition from non-magnetic (singlet) state to
a magnetically ordered (triplet) state driven by an external magnetic field
and the consequent appearance of field-induced magnetization has been in-
terpreted in terms of the condensation of magnetic excitations. Bugrij and
Loktev [28] and Demokritov et al [29] argue that the BEC as such does not
occur in these systems because (i) a rearrangement of the ground state of
the system by the application of field generates virtual magnons as opposed
to the real ones needed for BEC, and (ii) in quantum antiferromagnets,
ingeneral, and in the compounds ACuCl3(A = K,Tl, N H,), in purticular,
the U(1) rotational symmetry around the applied magnetic field is broken
by magnetocrystalline anisotropy [30] rather than by field-induced mag-
netic order, as required for the BEC of gapless Goldstone magnon modes
or triplons. Since spontaneous coherence is essential to the phenomenon of
BEC, Snoke [27] contends that, to prove that the BEC state actually exists,
it is necessary to demonstrate that there is coherence and that this coherence
is spontaneous. Barring the recent demonstration of coherence of magnon
condensates in experiments involving incoherent pumping of magnons [31],
earlier experiments using coherent magnon pumping demonstrate, at best,
a pile-up of magnon population near the ground state but provide no di-
rect test of coherence [27] as the apparent spontaneous coherence could
be induced by the coherent pumping. Notwithstanding such issues, BEC
of quasiparticles continues to be a intensely-pursued research area in con-
densed matter physics since it has led to a deeper understanding of the

exotic ground states in strongly-correlated electron systems.

In this thesis, we present the observation of BEC of magnons in nanocrys-

talline gadolinium (nc-Gd) at temperatures < 20K based on a detailed
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study of magnetization and specific heat. This work marks the first at-
tempt to self-consistently determine the BEC transition temperature, T,
at different magnetic fields, and the chemical potential and the average
occupation number for the ground state as functions of temperature and
magnetic field (H). Increase in the average grain size from d = 12 nm to d
= 18 nm enhances the transition temperature T.(H = 0) from 16.5 K to
20.5 K but drastically reduces the spontaneous quantum phase coherence
length of the BE condensate wavefunction. The results provide a strong

evidence for the BEC of magnons in nc-Gd.

5.2 Theoretical Considerations

With a view to put the magnetization and specific heat results in a proper
theoretical perspective, the experimental signatures for BEC, predicted by

the theory, are briefly introduced in this section.

5.2.1 Bose-Einstein Condensation in Ideal Bose Gas

For an ideal Bose gas of N non-interacting identical particles with mass m,

the Hamiltonian is [32]

H=>" b (5.1)

2m
=1

where Pf = P; - P;, and P; is the momentum operator of the i** particle.
Energy eigenvalues of an ideal system is a sum of single-particle energies,

called levels, given by
P2
" 2m

(5.2)

€k
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where P = |P| and P is the momentum eigenvalue of the single particle:
P=—n=nk (5.3)

in which n is a vector whose components are 0 or + integers and L is the
cube root of the volume of the system: L = V1/3. A state of an ideal system
can be specified by specifying a set of occupation numbers {n;} so defined
that there are nj particles having the wave vector k. Obviously the total
energy E and the total number of particles NV of the state are given given

by

E — kank (5.4)
k

and

N=> m (5.5)

k

The grant partition function for the Bose gas is

%(Z,V,T):i Z Ne B erm

N=0 {n}
S ng=N

:Z Z H(ze_ﬁe’“)"’“ (5.6)

> np=N

where fugacity, z, and temperature, 8 = (kgT)~!, are the Lagrange multi-

pliers to be determined from the condition Eqgs.(7.4) and (7.5). The double
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summation in Eq.(7.6) is equivalent to summing each n; independently.

Z VT ZZ ze —PBeo n0<ze—,8€1) . }

no N1

= [2(26560)"0] [Z(zeﬁ“)m]

1
Si{Ea S -

The equation of state is

PV
Be
T =log (2, V,T) = Zlog (1 — ze™P%)

from which z is to be eliminated with the help of the equation
ze~Pex

0
N:z&log (2, V,T) :Z

1 — ze=Bex
k
The average occupation numbers (ny) is given by

o

1

ng) = 3 NZ:O 2N {nzk} e 2 e
>onE=N

_ L0y

B Oe, 1 — ze Pex

(5.7)

(5.8)

(5.9)

(5.10)

Eqgs.(7.8) and (7.9) diverge as z — 1, because the single term corresponding

to k = 0 diverges and thus the term & = 0 may be as important as the

entire sum. Splitting off the terms in Eqgs.(7.8) and (7.9) corresponding to

k = 0 and replacing the rest of the sums by integrals lead to

P 1 o 1
— = dk k?log(1 — ze™P*) — —log(1 —
ksT 272 J, 0g(l —ze77) = 7log(l = 2)
1 1 ° 1 1 =z
= dk k2——— 4 =
v 2n2 0 z7lefr —1  V1-2z

(5.11)

(5.12)
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where v = V/N. Egs.(7.11) and (7.12) can be rewritten in the form

P 1 1
T % Gs5/2(2) — v log(1 — =) (5.13)
1 1 1 z
ST e 93/2(Z>+V 1= (5.14)

where A = \/27h?/mkgT is the thermal de Broglie wavelength, z is the
fugacity and

4 [ . x Ll
gs2(2) = A dz 2% log(1 — ze™®") = Z BB (5.15)
=1
0 2, 2
g3/2(2) = 25gs2(2) = Y _ 5573 (5.16)
=1

This class of functions, g,(z), is the Bose-Einstein functions. Eq.(7.10)
implies that the average occupation number (ng) for the single-particle level
with £ =0 is
z
(no) = 1—=z
If a finite fraction of all the particles in the system occupy the single level

with & = 0, (ng)/V significantly contributes to Eq.(7.14). The critical

(5.17)

temperature, T, at which the thermal de Broglie wavelength becomes com-

parable to the average interparticle separation, is

T. = (211 /m"kp) /[vgs/2(1)]°
= (201 /mkp)[((3/2)] 7 (n*?) (5.18)

Standard statistical mechanics treatment then yields the following expres-
sions [32] for the entropy per unit volume, s, and specific heat per unit
volume, c,, for the ideal Bose gas.

5kg (mkgT\*?
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5k kT \ %2
°T TB (T;ﬁp ) 9s/2(2) — Nkg log 2, r>T.  (520)
and
15 kg (mksT\*?
=y - <2 Wth ) gs/2(1), r<T. (521

15 kg [ mkgT\*? 9 g32(2)
= — 2 Nkg 222 TST, (522
‘ 4 ( 2 wh? ) 95/2(2) 4 o 91/2(2) ( )

According to the expressions (6.19) - (6.22), the experimental signature of
BEC is that both entropy and specific heat should vanish as T2 in the
limit 7" — 0 (i.e., as the condensate fraction with s = 0 increases drastically

near absolute zero) and exhibit a sharp kink at 7' = T..

5.2.2 Bose-Einstein Condensation of Magnons

Assuming quadratic magnon dispersion at long wavelengths and measuring
the wavevector (momentum) k from the minimum of the magnon disper-
sion, the low-energy effective Hamiltonian for the (5% = 1) magnons in the
presence of magnetic field, H, is given by

H= Z (hwr + A — ) a,t:ak + % Z v(q) aL+qa£,_qakak/ (5.23)

k kK q

where e = hwy = D(T)k? = h* k*/2m* so that the effective mass m* =
h?/2 D(T), D(T) is the spin-wave stiffness and A = Ay + gupH is the
gap introduced in the spin-wave spectrum by the dipole-dipole interactions
and/or magnetocrystalline anisotropy, (Ay), and by the external magnetic
field, (gupH). The second term in Eq.(6.23) represents the two-magnon
interaction and gives rise to the ‘remormalization’ of D with temperature
in accordance with the relation [33]

D(T) = D(0) [L — DoT? — Dy, (5.24)
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where D(0) is the spin-wave stiffness at 7 = 0K and the T2 (T?) term
arises from the direct (indirect) magnon-magnon interactions (mediated by
the conduction-electron spins). At low temperatures, the indirect magnon-
magnon interactions dominate and hence the T%?2 term in Eq.(6.24) is
dropped in subsequent calculations. The momentum distribution of magnons
in the normal (uncondensed) phase is

1

(nx) = {ajar) = Bl tA—p) _ | (5.25)
The magnon density of states [34]
1 PN TE
Dsw(wi) = 1 (m) wy? (5.26)

The magnon density n = N/V has to be determined self-consistently by

0o oo > l
=) = [t Dauten) din =30 Y- EE o)

k 0 =1

with the thermal de Broglie wavelength A = \/47D(T) /kgT = \/27h2/m*kgT,
Zepr =2 € P8 (5.28)

and the fugacity z = e®* given by the equation of state for non-interacting

Bose gas (Eq.7.14), which can be casted into the form

1 z 93/2(2) T\

VXT3 [1 - PNGY X (TC) | (5.29)
or 327

<no(T) > B g3/2(2) Z

—N = [1 gs/2(1) X <Tc) - (5.30)

where V' is the volume over which the condensate wavefunction retains its
phase coherence, n = N/V is the magnon number density, gs/2(z) = >, 2!/13/2

is the Bose-Einstein function.
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Magnetization

For a ferromagnet, the decline in magnetization, M(T,H), due to the thermally-
excited spin waves at temperature, T, and external magnetic field, H, is
given by

M(T,H)=M(0,H) —gug n (5.31)

with magnon density n given by Eq.(6.29), i.e., by

&0 DSW(gk) d&?k

M(T? H) = M(Oa H) —9gUB o eBlenti—p) _ 1 (532)
kT 177~ (zers)'
M(T,H)=M(0,H) — —_— :
(T, H) = M(0, H) — gup [47TD(T)] ; s (5.33)
If u =0, Eq.(5.32) yields the conventional spin-wave relation for magneti-
zation
3 kT 1°°
M(T,H)=M(0,H) — Z | =t 5.34
(1 1) = M)~ gun 2 (Gtn ) | o) (5.3
where the Bose-Einstein integral function
3 o 3
Z(5tw) = anln 2exp(—nty) (5.35)

with ty = T,/T = A/kgT. Since the magnons (Bosons) are essentially
non-interacting at low temperatures, they can condense into the ground
state in increasing numbers as the temperature falls below the Bose-Einstein

condensation temperature, T,, where u — 0.

Specific Heat

Internal energy per unit volume of an ensemble of Bosons is given by

U= /OOO hwk <7’Lk> Dsw(wk) dwk (536)
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where (ny) is the average number of magnons excited in the wave vector

mode &

v 1 * hwt? dhwy
Ar2 [D(T)32 J, eflmontim) — 1

3 (kBT)5/2 X e lB(A—p)
" 2[n D(T)PR & 12

3 kBT 5/2 > Zeff

= 2Tin DITPR & b it
Magnon specific heat per unit volume
dU 3 d (I{JBT)S/Q > (Zeff)l
e = | — | = ——— 5.38
Cmag <dT>V 167372 dT (D(T)S/2 ZZI 5/2 (5.38)
or
3kp ksT 215 3D,T? = (Zeff)l - (ZEff)l
= — — l e
Cmag = 5 (47TD(T)) 2 "1 D1 ; 2 TEels ; 13/2
(5.39)

Magnetic Entropy

The magnetic-field induced change in the magnetic part of entropy density,
ASpag, can be calculated from the measured ‘zero-field’, Cy(H = 0), and
‘in-field’, Cy(H), specific heat using the relation

— Cy(H =

- 0 a7 (5.40)

ASpag = S(H) — S(H = 0) = /T Cu(H)

AS,,44 can also be determined from magnetization, My (T'), using the Maxwell

thermodynamic relation

(0Smag/OH )1 = (OM/OT) (5.41)
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The temperature variations of the field-induced change in magnetic entropy

can be calculated as

(ASag)t = [Smag (H) = Sag (H = 0)] = / COM/OT) (dH)y (542

5.3 Results and Discussion

5.3.1 Magnetization

Thermomagnetic curves, M(T), taken in the ‘field-cooled” mode over the
temperature range 1.8 K < T < 320K at fixed magnetic fields, H, ranging
between 50 Oe and 90 kOe are shown in figure 5.1. A detailed analysis [35]
of these curves based on the conventional spin wave relation, Eq.(5.34), at-
tempted, revealed that an upturn in M(T) at low temperatures (7' < T*(H))
for H > 1kOe marks an anomalous softening of magnon modes in that the
spin-wave stiffness suddenly drops to nearly one third of its bulk value [36]
as the temperature falls below 7™. In order to ascertain if this softening of
magnon modes is a consequence of the Bose-Einstein condensation (BEC)
of magnons, the following self-consistent procedure is employed. In the
first step, using certain initial values of volume, V' and the BEC transition
temperature, T, Eq.(5.30) is solved in conjunction with Eq.(6.29), to yield
fugacity as a function of temperature, z(7), in a given temperature range,
Toin = 1.8K < T < T4z These values of z(T') are then inserted into
Eq.(5.30) and M(T) for a fixed field strength is calculated using the value
of intrinsic spin-wave energy gap Ay = 0.155(3)meV, previously reported
[36] for single-crystal Gd, and some starting values of D(0) and D, in the
expression for D(T'), Eq.(6.24). M(T), so calculated, M (T").qu, is compared
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Figure 5.1: Magnetization of nanocrystalline gadolinium with average grain
size (a) 12 nm and (b) 18 nm as a function of temperature at fixed fields
ranging from 50 Oe to 90 kQOe.
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with the observed M(T), M (T)us, over the chosen temperature range and
this iterative process is repeated for a different set of values for V', T. (and
hence z(T')), D(0) and D till the agreement between M (T") .o and M (T) ps
in that temperature range is optimized. The same self-consistent procedure
is followed in each of the temperature ranges. In the ‘range-of-fit’ (ROF)
analysis, the temperature range of the BEC fit is progressively widened by
keeping T,,;, fixed at 1.8 K and increasing T},,, and the variations of the
parameters V', T., D(0) and Dy with T}, are monitored. The highest
temperature, 7", up to which Eq.(5.33) accurately describes M (T).s at
a given H is arrived at when the values of all the free parameters remain
essentially unaltered (within the uncertainty limits) as the T4, is raised
towards TP but change drastically when T,,,, exceeds T"P. The optimum
BEC fits, based on Eq.(5.33), so obtained, are shown as continuous curves
through the data points (symbols) in figure 5.2. The insets in this figure
serve to demonstrate that the conventional spin-wave theory, Eq.(5.34), cor-
responding to the p = 0 case, can, at best, describe M (T') 5 in an extremely
narrow range at low temperatures (7" — 0) as compared to the BEC fits,
which accurately reproduce the observed temperature variation of magne-
tization over a much wider temperature range which widens further with
increasing H. Note that the M (T') data taken at H < 2.2kOe (H < 1.0kOe)
for d = 12 nm (d = 18 nm) are neither amenable to the spin-wave analysis
nor to an analysis based on the BEC picture because the temperature de-
pendence of magnetization, particularly at low temperatures and low fields,
is complicated by the temperature-dependent magnetocrystalline and shape

anisotropies.

The ROF analysis yields the variations of the parameters V', T., D(0)
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Figure 5.2: The observed (symbols) decline in magnetization with temper-
ature in nanocrystalline gadolinium with average grain size (a) 12 nm and
(b) 18 nm at fixed fields in the range (a) 2.2 kOe - 90 kOe and (b) 1.0 kOe -
90 kOe along with the corresponding BEC fits (continuous curves through
the M(T) data) based on equations (5.33), (6.29) and (5.30). The insets of
Fig.5.2(a) and Fig.5.2(b) highlight a typical comparison between the BEC
fits (continuous curves) and the conventional spin-wave fits (dotted curves),
based on Eq.(5.34), to the M(T) data taken at 20 kOe and 90 kOe for d =

12 nm and 18 nm, respectively.
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Figure 5.3: The variations with magnetic field of the average occupation
number for the ground state, < ny >, the volume V (length L = V1/3)
over which the condensate wavefunction retains its phase coherence and the
occupation number density, < ng > /V.
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Figure 5.4: (a) The variations of the spin-wave stiffness at 0K, D(0) and
(b) the coefficient, Dy, of the T? term in Eq.(6.24) with magnetic field.

and D, with H displayed in the figures 5.3 - 5.5. The main observations
are as follows. The volume V (length L = V'/?) over which the condensate
wavefunction retains its phase coherence shrinks by nearly three orders (an
order) of magnitude (Fig.5.3) from its value at low fields and approaches
the volume of a single grain (average grain size) as fields in excess of 30 kOe
are applied; the initial drop being more in the case d = 12nm. The effect
of magnetic field is to (i) create a gap in the spin-wave spectrum, in addi-
tion to the intrinsic gap Ag, (ii) stiffen the spin system so as to make the
thermal excitation of spin waves more difficult (sharp increase in spin-wave
stiffness, D(0), at low fields, Fig.5.4), (iii) progressively destroy phase coher-
ence (steep drop in V, Fig.5.3), and (iv) increase T, in accordance with the
relation T.(H) = T,(H = 0) + aH?, with the exponent ¢ = 3/2 (Fig.5.5)
that is characteristic [17, 37, 38] of BEC, up to H = 20kOe (30kOe¢) for d
= 12 nm (18 nm).
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Figure 5.5: The BEC transition temperature, T., obtained from M (T)
(open squares), Xac(T') (plus sign) and Cpee(T) (solid circles) as well as
the characteristic temperature, T,,*, identified with the peak in AS,,.,(T),
deduced from M (T) (crosses) and Cy (T, AH) (open circles), plotted against
H?3 for (a) d = 12 nm and (b) d = 18 nm. The insets display the frequency-
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The insets of Fig.5.5 highlight a broad peak in the in-phase component of
ac susceptibility, measured at an ac driving field of h = 10e, at T)eq, = 15K
(single crystal Gd does not exhibit any such peak at low temperatures), with
no discernible shift in T},.qr over three decades (10 Hz - 10 kHz) of driving-
field frequency. We attribute this peak to the magnon BEC phase transition
at H = 0 so that T, equals T.(H = 0) and is represented by the plus sign
in the phase diagram (Fig.5.5). Absence of a frequency-dependent peak-
shift strongly indicates that the magnon lifetime is much larger than the
magnon-magnon or magnon-phonon scattering time and hence the magnons

are in a quasi-equilibrium state.

The variation of fugacity with temperature, z(7"), that optimizes agree-
ment between M (7)., and M(T).ps at different but fixed fields permits an
accurate determination of the average occupation number for the ground
state (ng) = z/(1 — z) and the chemical potential, u = kgT Inz, as func-
tions of temperature and field. (ng) as a function of magnetic field, H,
at T = 1.8 K or as a function of temperature at constant H, and the
chemical potential in units of kT, pu/kgT = Inz, at different temper-
atures (fields) but fixed H (temperature), so obtained, are displayed in
figures 5.3, 5.6 - 5.9 (inset of Fig.5.9). In order to gain further insight
into the nature of the BEC transition at H = 0, an empirical fit to the
V(H) and (no(T = 1.8K, H)) data, shown in Fig.5.3, is attempted based
on the relation x(H) = x(H — 0)H™* + x(H = 90kOe) (z stands for ei-
ther V or (no(7T = 1.8K))) in the field range < 20kOe (< 30kOe), where
T.(H) obeys the BEC relation T,(H) = T.(H = 0) + aH?/? (straight lines
in Fig.5.5) for d = 12 nm (18 nm). This exercise yields the best least-

squares fits (continuous curves) to the data (symbols) over the field range
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Figure 5.6: The observed (symbols) variations with magnetic field of the
average occupation number for the ground state, < no(7 = 1.8K) > and
the volume V over which the condensate wavefunction retains its phase
coherence for H < 30kOe and the corresponding empirical fits (continuous
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2.2kOe < H < 20kOe (1.0kOe < H < 30kOe) corresponding to the pa-
rameter values (no(T = 1.8K, H — 0)) = 2.4(12) x 10'® (= 3.3(14) x 109),
V(H — 0) = 0.0075(5) em® = sample volume (= 1.1(6) x 107 cm?)
and a = 3.58(14) (a = 1.17(6)) for d = 12 nm (18 nm). Figure 5.6 illus-
trates the quality of such fits at relatively low fields (H < 10kOe) where
the variation of x with H is very rapid. This result indicates that, in the
limit H — 0, a large fraction of the magnons (magnon density as high as
(no(T =1.8K,H — 0))/V(H — 0) ~ 3 x 10"em™3) excited at T = 1.8K
spontaneously condense into the ground state in both the samples d = 12
nm and 18 nm but the condensate wavefunction retains its phase coherence
over the entire sample volume only in the case of d = 12 nm. Incidently, the
value of intrinsic spin-wave energy gap [36] Ag = 0.155(3)meV corresponds
to a temperature of Ty, = 1.80(5)K so that the long-wavelength magnons
with a density ~ 10'® — 10 e¢m ™3 can be easily excited at 7' > 1.8K. How-
ever, regardless of the values of (no(T = 1.8K, H)) and V(H) at a given
H (including those obtained from the magnon part of the specific heat,
Crag(T, H), at H =0 or H # 0 and denoted by crosses and plus signs) for
the samples with d = 12 nm and 18 nm, the ratio (no(7 = 1.8K, H))/V(H)
is the same (within the uncertainty limits) for both the samples and in-
creases with H, as is evident from Fig.5.3(d). In accordance with the BEC
predictions, Eqs.(6.18) and (5.30), T.(H) o [(no(T = 1.8K, H))/V (H)]*/*
(Fig.5.7) while at constant H, the ratio (no(T,H))/(no(T = 1.8K,H))
scales with [T/T.(H)]*/? (Fig.5.8).

In the true thermodynamic limit (i.e., as V — 00), the spontaneous
quantum phase coherence of the BE condensate wavefunction extends over

infinite distances at temperatures T' < T, with the result that the fugacity
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Figure 5.7: Scaling of T.(H) with [< no(T = 1.8K, H) > /V(H)]*/3.

2(T) =1 for 0 < T < T, and falls off rapidly above T, or equivalently, the
chemical potential u(T) = 0 for 0 < T < T, and falls to larger negative
values at T" > T.. Thus, according to Eq.(5.30), the condensate fraction
{(no(T))/N should drop with temperature as (7'/7T.)%? from unity at T = 0
to zero at T' = T, and remain zero for T" > T,.. This behaviour, with slight
modifications brought about by the system size-limited coherence length
(elaborated in the specific heat subsection) is indeed observed only when
H = 0 (continuous lines in figures 5.8 and 5.9). As the effective coherence
volume V' shrinks with increasing H, the sharp kink in z(7") or u(T) at
T = T, gets smeared out progressively and z (u) assumes lower and lower
values compared to unity (zero) even at 7' = 0 (as is evident from figure
5.9) with the result that the smearing of the transition at 7. occurs and the

ratio (no(T, H))/(no(T = 1.8K, H)) acquires higher and higher values even
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at temperatures in the vicinity of 7. (Fig.5.8). Furthermore, the insets
of Fig.5.9 highlight the typical variation of u/kgT with H for H > 2.2kOe
(H > 1.0kOe) at temperatures T' < T, which is adequately described by the
expression u(H) = po + 1’ exp(—H/H.) with the values for the parameters
o, ' and H. at T'= 1.8 K specified in the insets. From these values, it is
clear that at temperatures well below T, ;x = 0 only in the limit H — 0, as

has already been concluded above.
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5.3.2 Specific Heat

Next, we proceed to cross-check whether BEC of magnons forms a proper
description of the magnon part, C,.g, of the specific heat, C),, as well.
Recalling that

Cit(T) = CulT) + Cop(T) + Cnay (1) (5.43)

with the electronic (el), phonon (ph) and magnon (mag) contributions given

by

Cel(T) =7 T (544)
T \?* [eo/T xt e
TY=9 N — —_— 4
Cph( ) 9 k’B <®D) /0 dx (61—1)2 (5 5)

and Eq.(5.39), respectively, least-squares fits to the Cy(T) data are at-
tempted based on the equations (6.29), (5.30), (5.39), (5.43) - (5.45) by
treating v, Op, V and T. as free fitting parameters while keeping D(0)
and D, fixed at the values (Fig.5.4) obtained earlier from M(T) (so as
to limit the number of free parameters to a bare minimum). We follow
the same self-consistent procedure as that for M (T') to arrive at the tem-
perature variation of the fugacity z(7) and the optimum theoretical fits
(continuous curves in figure 5.10) to the observed Cy(T) (open symbols in
Fig.5.10). In order to get a feel for the relative magnitudes of the lattice,
electronic and magnon contributions to the specific heat, the temperature
variations of Cpy(T'), Ce(T) and Chey(T) at H = 40kOe (representative
of those at other fields as well), deduced from the above fits, are also dis-
played in Fig.5.10. The temperature range over which the BEC picture
adequately describes C,q4(T), and hence Cy(T'), widens with H, e.g., from
1.8K < T < 25K or 29K at ‘zero-field’ (i.e., in the rest-field ~ 2 Oe of the
superconducting magnet) to 1.8K < T < 90K at H = 50kOe. The main
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Figure 5.10: The (total) specific heat, Cy, as a function of temperature
in zero field (open triangles), at H = 20kOe (open squares), H = 40kOe
(open stars) and H = 50kOe (open circles) for (a) d = 12 nm and (b) d =
18 nm. Note that for the sake of clarity, a constant shift of 2.5 J/mole — K
in the ordinate scale is given to the successive Cy(T') data. The continu-
ous curves are the optimum fits obtained by adding the electronic, lattice
and (BEC) magnon contributions to the specific heat. As an illustration,
the temperature variations of the individual electronic, lattice and magnon
contributions to the Cy(T') data, taken at H = 40kOe, are displayed.



BOSE-EINSTEIN CONDENSATION 165

observations, based on the above analysis of the Cy(7") data in terms of
the BEC picture, are as follows. (I) At finite magnetic fields (H = 20 kOe,
40 kOe and 50 kOe for d = 12 nm, and H = 20 kOe and 40 kOe for d =
18 nm) common to the magnetization, M (7T, H), and specific heat, Cy (T),
measurements, the values of T.(H), the phase coherence volume, V(H),
and fugacity z(T, H) or chemical potential u(7, H) determined from both
the sets of data over the same/similar temperature ranges, match exactly
(figures 5.3, 5.5, 5.7 - 5.9). Moreover, the values of T.(H = 0) obtained by
extrapolating the T.(H) data, deduced from M (T, H), to H = 0, using the
characteristic BEC relation T,(H) = T.(H = 0) + a H?*3, are in perfect
agreement with those (7. = 16.5(5)K and 20.5(5)K for d = 12 nm and d
= 18 nm, respectively) directly determined from C,,.,(T, H = 0). Simi-
larly, the extrapolated ‘zero-field” values of (no(T = 1.8K)) and V obtained
from the M(T, H) data, i.e., (no(T = 1.8K,H — 0)) and V(H — 0) in fig-
ures 5.3 and 5.6, conform well with the corresponding values extracted from
Crag(T, H = 0). (II) The BEC fits, shown in Fig.5.10, also yield the param-
eters relevant to the phonon (lattice) and electronic contributions to specific
heat. Debye temperature is field-independent but depends on the tempera-
ture range, i.e., Op = 172(2)K (160(2)K) in the range 1.8K < T < 25K
(18K < T < 90K) whereas the electronic specific heat coefficient has
the field- and temperature-independent values v = 18.1(1) mJ/mole — K?
for d = 12 nm and v = 17.0(1) mJ/mole — K? for d = 18 nm. The
presently determined values for v and ©p, when compared with those,
v = 4.48(7) mJ/mole — K* and ©p = 169(1)K, previously reported [39]
for single crystal Gd, indicate that the electron-electron and/or electron-

phonon mass enhancement is quite significant in the nanocrystalline state.
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As expected for a well-defined BEC phase transition, concomitant with
the near-zero chemical potential (i.e., u/kgT ~ 0 or equivalently, z(7T") ~ 1)
for T < T. and a sharp kink in u(7T")/kgT at T = T.(H = 0) (denoted
by solid lines in Fig.5.9), the condensate fraction (ny(7,H = 0))/{no(T =
1.8K, H = 0)) decreases linearly with the reduced temperature [1'/T.(H =
0)]?/? (solid lines in Fig.5.8) so as to drop to zero at T' = T,(H = 0), in ac-
cordance with Eq.(5.30), and remains zero for 7" > T,.(H = 0) where p/kgT
exhibits an abrupt linear fall to large negative values with increasing temper-
ature. Alternatively, closer the value of the chemical potential (fugacity) to
zero (unity), closer the phase coherence length to infinity. With increasing
magnetic field, the chemical potential assumes larger negative values even
at temperatures well below T.(H = 0) and the sharp kink in u(7")/kgT
at T = T.(H = 0), and so also the BEC phase transition, gets smeared
out (Fig.5.9) as the phase coherence length shrinks and the BEC conden-
sate fraction drops. Consistent with the above inferences, the BEC magnon
contribution to the specific heat as a function of temperature, C,,q,(7"), ex-
hibits a sharp slope change at T = T.(H = 0), and as H increases, this
kink in Cy,qq(T) at T.(H) progressively loses its sharpness and T shifts to

higher temperatures, as is evident from figure 5.11.

5.3.3 Magnetic Entropy

Lest the agreement with the BEC theory is misconstrued as an artifact
of the self-consistent procedure, the magnetic field-induced change in the
magnetic entropy, AS,,,,, was determined from the M (T") data taken at
various fixed values of H by using the Maxwell thermodynamic relation

(0Smag/OH)r = (OM/OT ), ie., —(ASpmag)r = [Smag(H) — Smag(H =
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0)]r = fOH((‘)M/aT)H(dH)T. Figure 5.12 shows AS,,,,, so obtained at
fixed field strengths, plotted against [T/T.(H = 0)]*/2, with T.(H = 0) =
16.5(5) K (20.5(5)K) for d = 12 nm (18 nm) obtained from the specific heat
data. Fig.5.12 also compares the change in the entropy — A Spey = S(H =
20kOe) — S(H = 0), calculated at different temperatures from Eq.(5.42)
using the specific heat, Cy(T'), data recorded at H = 0 and H = 20kOke,
with that determined from the M(T') data at H = 20kOe. The two sets
of data are in good overall agreement. Such a close agreement is observed
at higher fields as well. AS,,q,(7") exhibits a peak (which broadens with
increasing field so much so that it becomes completely ill-defined for H >
20kOe) at the temperature ' = T,"(AH = H—(H = 0)) and decreases with
temperature as T%/2 in the limit 7' — 0 so as to approach zero particularly
at low fields. Thus, the field-induced change in magnetic entropy, like the
magnetic entropy itself, follows the characteristic BEC behavour (i.e., the
T3/2 variation at temperatures well below T, and a slope change at T}.)
with the distinction that 7,*(AH) does not coincide with 7,.(H) except at
the lowest field. Since the magnon condensate fraction (with zero entropy)
reduces with increasing field (due to the destruction of phase coherence by
H), the value of AS,,,,(T) at T = 0 increases with H. Another striking
feature is that, even though 7),*(AH) lies consistently below T..(H) for fields
H > 2.2kOe and the deviation between the two sets of data grows with H,
the variation of 7),* with AH (represented by crosses in Fig.5.5), like T.(H),
is consistent with the functional form T,(H) = T.(H = 0) + aH"Y?, with
the exponent ¢ = 3/2, characteristic of BEC. Thus, T,,* is the characteristic
BEC temperature for the field-induced change in magnon entropy much the

same way as T, is for absolute magnon entropy at a given field (H = 0 or
H #0).
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Figure 5.12: Magnetic entropy, —AS,,.,, at various fields obtained from
M (T) (open symbols), plotted against (7'/T.(H = 0))*? for (a) d = 12 nm
and (b) d = 18 nm. The continuous straight lines through the data serve
to highlight the 73/? variation of entropy for temperatures well below 7.
The peak temperature, T,,*, shifts to higher temperatures with increasing
field. The —As,,,, calculated from the change in specific heat, Cy (T, AH),
caused by a change in the external magnetic field of AH = 20kOe conforms
well with the —As,,,,, calculated from M (T, AH = 20kOe).
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5.3.4 Comparison with Known BEC Systems

Next, nc-Gd is compared with the systems that are known to undergo BEC
of magnons. In spin-gap/spin-dimer compounds (yttrium iron garnet films),
the applied magnetic field (microwave parametric pumping) tunes the sys-
tem to the quantum critical point (critical quasi-equilibrium magnon den-
sity) so as to induce BEC. By contrast, as is the case for an ideal BEC,
the temperature drives the BEC transition in nc-Gd. The applied field
needed to induce BEC in quantum antiferromagnets is often quite large
and hence for a direct comparison with the theory, the bulk properties can-
not be measured in the BEC regime with the same ease as in nc-Gd, where
a true BEC phase transition occurs in zero-field (Fig.5.8 and 5.9). This
makes nc-Gd a unique system in which the BEC picture can be put to a
stringent test. Moreover, as in nc-Gd, the deviations from the conventional
spin-wave behavior of magnetization at low temperatures, observed previ-
ously in elongated Fe nanoparticles [40], ferrite nanoparticles [41] and Co/Pt
nanopillars [42], could well be the manifestation of the BEC of magnons.
Thus, nanocrystalline/nanostructured magnets may form an entirely new

class of magnon BEC systems.

5.4 Summary and Conclusion

High-precision magnetization, M (T, H), and specific heat, C(T, H), mea-
surements have been performed on nanocrystalline gadolinium samples of
average grain size d = 12 nm and 18 nm over wide ranges of temperature
(T) and magnetic fields (H). Recognizing the limitation of the conventional

spin-wave (SW) theory to correctly describe the M (T, H) and C(T, H) data
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and that due to magnon-magnon interactions, the magnon number is not
conserved, the assembly of magnons is treated as the grand canonical ensem-
ble and the Hamiltonian, Eq.(6.23), accordingly includes the temperature-
and magnetic field-dependent chemical potential. From the expressions for
the magnon contributions to M (T, H) and C(T, H), so derived, the Bose-
Einstein Condensation (BEC) transition temperature, T.(H), the volume,
V(H), (length, L(H) = V(H)'3) over which the condensate wavefunction
retains its spontaneous phase coherence, the chemical potential, u(7, H),
and the average occupation number for the ground state, (no(7, H)), are
accurately determined using a self-consistent approach. Increase in the av-
erage grain size from d = 12 nm to d = 18 nm enhances the transition
temperature 7.(H = 0) from 16.5 K to 20.5 K but drastically reduces the
spontaneous phase coherence length of the BE condensate wavefunction.
The variation of T, with magnetic field has the characteristic BEC form
T.(H) = T,(H = 0)4a H*3. In conformity with the predictions of the BEC
theory, (i) the condensate fraction (ny(T, H))/(no(T = 1.8K, H)) decreases
linearly with the reduced temperature [T/T.(H)]*>/? at constant fields for
T < T.(H), (i) in the limit H— 0, u(T, H) = 0 (the condensate fraction
scales with [T/T.(H = 0)]*/? so as to drop to zero at T,(H = 0)) for T < T,
and abruptly falls to large negative values (remains zero) as the temperature
exceeds T, and (iii) the magnetic field-induced change in magnon entropy,
deduced from both M (T, H) and C(T, H), follows the T%?2 power law at
low temperatures 7' < T,,* and goes through a peak at 7,*. Both T.(H)
and T, (AH = H — (H = 0)) follow the BEC H?? law but T, is the BEC
temperature for the absolute magnon entropy at a given field (H = 0 or
H # 0) while 7,* is the BEC temperature for the field-induced change in

magnon entropy.
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Based on the above-mentioned observations, we arrive at the follow-
ing intuitive picture of Bose-Einstein Condensation (BEC) of magnons in
nanocrystalline (n-) gadolinium. In the absence of the external magnetic
field, the interplay between the intra-grain and interfacial (grain boundary)
anisotropies [43] in n-Gd results in a non-collinear spin state with reduced
spin-wave stiffness (softening of spin wave modes) and spontaneous phase
coherence of magnon BE condensate wavefunction as the temperature falls
below the BEC transition temperature 7., which is well-defined only when
H = 0. Increasing the average grain size alters the interfacial anisotropy, in
particular, and thereby the interplay. Modified interplay, in turn, causes a
reduction in the non-collinearity, increases the spin-wave stiffness D, sup-
presses the spontaneous phase coherence and hence the condensate fraction.
Considering that the mass m* of a Boson (magnon) in Eq.(6.18) is related
to D= D(T =0,H =0) as m* = h?/2D, m* decreases as D increases and
consequently, it follows from Eq.(6.18) that T, increases with average grain
size provided the occupation number density (no(7" = 1.8K))/V remains
unaltered, as is presently the case (Fig.5.3). Magnetic field tends to make
the spin structure more collinear, destroy phase coherence and reduce the
average occupation number for the ground state (no(7T = 1.8K)) (Fig.5.3)
such that (no(7" = 1.8K))/V increases with H and so does T, in accordance
with Eq.(6.18).



BOSE-EINSTEIN CONDENSATION 173

References

1.

10.

M. H. Anderson, J. R. Ensher, S. R. Mathews, C. E. Wieman and E.
A. Cornell, Science 269, 198 (1995).

. H. Frohlich, Phys. Lett. A 26, 402 (1968).

S. A. Moskalenko and D. W. Snoke, Bose-Finstein Condensation of
FEzxcitons and Biezcitons (Cambridge University Press, Cambridge,

2000).

L. P. Pitaevskii and S. V. lordanskii, Sov. Phys. Usp. 23, 317 (1980).

. V. B. Timofeev, V. D. Kulakovskii and I. V. Kukushkin, Physica (Am-

sterdam) 117 & 118B, 327 (1983).

. N. Peyghambarian, L. L. Chase and A. Mysyrowicz, Phys. Rev. B

27, 2325 (1983).

P. G. Savvidis, J. J. Baumberg, R. M. Stevenson, M. S. Skolnick, D.
M. Whittaker and J. S. Roberts, Phys. Rev. Lett. 84, 1547 (2000).

O. V. Misochko, M. Hase, K. Ishioka and M. Kitajima, Phys. Lett. A
321, 381 (2004).

. M. Jaime, V. F. Correa, N. Harrison, C. D. Batista, N. Kawashima,

Y. Kazuma, G. A. Jorge, R. Stern, I. Heinmaa, S. A. Zvyagin, Y.
Sasago and K. Uchinokura, Phys. Rev. Lett. 93, 087203 (2004).

M. Kofu, H. Ueda, H. Nojiri, Y. Oshima, T. Zenmoto, K. C. Rule, S.
Gerischer, B. Lake, C. D. Batista, Y. Ueda and S. -H. Lee Phys. Rew.
Lett. 102, 177204 (2009).



174

11

12

13.

14.

15.

16.

17.

18.

19.

20.

BOSE-EINSTEIN CONDENSATION

A. A. Aczel, Y. Kohama, M. Jaime, K. Ninios, H. B. Chan, L. Balicas,
H. A. Dabkowska and G. M. Luke Phys. Rev. B 79, 100409 (2009).

A. A. Aczel, Y. Kohama, C. Marcenat, F. Weickert, M. Jaime, O. E.
Ayala-Valenzuela, R. D. McDonald, S. D. Salesnic H. A. Dabkowska
and G. M. Luke Phys. Rev. Lett. 103, 207203 (2009).

A. Oosawa, T. Takamasu, K. Tatani, H. Abe, N. Tsujii, O. Suzuki,
H. Tanaka, G. Kido and K. Kindo, Phys. Rev. B. 66, 104405 (2002).

N. Cavadini, Ch. Riiegg, A. Furrer, H. -U. Giidel, K. Kramer, H.
Mutka and P. Vorderwisch, Phys. Rev. B. 65, 132415 (2002).

T. Kato, K. Takatsu, H. Tanaka, W. Shiramura, M. Mori, K. Nakajima
and K. Kakurai, J. Phys. Soc. Jpn. 67, 752 (1998).

C. Riiegg, N. Cavadini, A. Furrer, H. -U. Giidel, K. Kramer, H. Mutka,
A. Wildes, K. Habicht and P. Vorderwisch, Nature 423, 62 (2003).

T. Nikuni, M. Oshikawa, A. Oosawa and H. Tanaka, Phys. Rev. Lett.
84, 5868 (2000).

H. Tanaka, A. Oosawa, T. Kato, H. Uekusa, Y. Ohashi, K. Kakurai
and A. Hoser, J. Phys. Soc. Jpn. 70, 939 (2001).

A. Oosawa, M. Ishii and H. Tanaka, J. Phys.: Condens. Matter 11,
265 (1999).

F. Yamada, T. Ono, H. Tanaka, G. Misguich, M. Oshikawa and T.
Sakakibara, J. Phys. Soc. Jpn. 77, 013701 (2008).



21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

BOSE-EINSTEIN CONDENSATION 175

W. Shiramura, K. Takatsu, B. Kurniawan, H. Tanaka, H. Uekusa, Y.
Ohashi, K. Takizawa, H. Mitamura and T. Goto, J. Phys. Soc. Jpn.
67, 1548 (1998).

B. Wolf, S. Zherlitsyn, S. Schmidt, H. Schwenk, B. Liithi, H. Kageyama,
Y. Ueda and H. Tanaka, J. Mag. Mag. Mater. 226-230, 1973 (2001).

B. S. Conner, H. D. Zhou, Y. J. Jo, L. Balicas, C. R. Wiebe, J. P.
Carlo, Y. J. Uemura, A. A. Aczel, T. J. Williams and G. M. Luke,
Phys. Rev. B 81, 132401 (2010).

T. Radu, H. Wilhelm, V. Yushankhai, D. Kovrizhin, R. Coldea, Z.
Tylezynski, T. Lihmann and F. Steglich, Phys. Rev. Lett. 95, 127202
(2005).

L. Yin, J. S. Xia, V. S. Zapf, N. S. Sullivan and A. Paduan-Filho,
Phys. Rev. Lett. 101, 187205 (2008).

S. O. Demokritov, V. E. Demidov, O. Dzyapko, G. A. Melkov, A. A.
Serga, B. Hillebrands and A. N. Slavin, Nature 443, 80 (2006).

D. Snoke, Nature 443, 403 (2006).
A. 1. Bugrij and V. M. Loktev, Low Temp. Phys. 33, 37 (2007).

S. O. Demokritov, V. E. Demidov, O. Dzyapko, G. A. Melkov and A.
N. Slavin, New J. Phys. 10, 045029 (2008).

V. N. Glaskov, A. I. Smirnov, H. Tanaka and A. Oosawa, Phys. Reuv.
B 69, 184410 (2004).

A. V. Chumak et. al., Phys. Rev. Lett. 102, 187205 (2009).



176

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

BOSE-EINSTEIN CONDENSATION

Kersen Haung, Statistical mechanics (John Wiley, New York, 1963) p
262

T. Izuyama and R. Kubo, J. Appl. Phys. 35, 1074 (1964).

S. N. Kaul, Handbook of Magnetism and Advanced Magnetic Mate-
rials Fundamentals and Theory vol 1, ed Kronmiiller H and Parkin S

(John Wiley, New York, 2007) p 305

S. P. Mathew, S. N. Kaul, A. K. Nigam, A. -C. Probst and R. Bir-
ringer, J. Phys. :Conf. Ser. 200, 072047 (2010).

J. W. Cable, R. M. Nicklow and N. Wakabayashi, Phys. Rev. B 32 3
1710 (1985).

O. Nohadani, S. Wessel, B. Normand and S. Hass, Phys. Rev. B 69,
220402 (2004).

T. Giamarchi and A. M. Tsvelik, Phys. Rev. B 59, 17 11398 (1999).

R. W. Hill, S. J. Collocott, K. A. Gschneidner and F. A. Schmidt, J.
Phys. F: Met. Phys. 17, 1867 (1987).

P. Crespo, J. M. Gonzalez, A. Hernando and F. J. Yndurain, Phys.
Rev. B 69, 012403 (2004).

K. Mandal, S. Mitra and P. A. Kumar, Furophys. Lett. 75, 618
(2006).

L. H. Bennett and E. Della Torre, Physica B 403, 324 (2008).

S. N. Kaul and S. P. Mathew, Nanosci. Nanotech. Lett. at press
(2011).



Chapter 6

Magnetocaloric Effect (MCE)

6.1 Introduction

The magnetocaloric effect (MCE) is the adiabatic temperature change (AT,q),
either heating or cooling, in magnetic materials due to the application of
magnetic field. Isothermal entropy change (AS) is also a parameter to de-
scribe the MCE. Initially, MCE, known as adiabatic demagnetization, was
used to achieve temperature less than 1 K using paramagnetic salts. As
expected, the maximum field-induced change in magnetic entropy occurs
around the ferromagnetic-to-paramagnetic transition temperature, T¢. Re-
alizing this fact, the application of MCE for magnetic cooling in a wide
temperature range including room temperature, and even higher, was in-
vestigated in the pioneer experimental work by Brown in 1976 [1]. He sug-
gested the use of ferromagnetic rare-earths or rare-earth based compounds

with a Curie temperature in or around room temperature for magnetic re-

The following article is based on the results presented in this Chapter:
1. S. P. Mathew and S. N. Kaul, Appl. Phys. Lett., 98, 172505 (2011).
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frigeration (MR). Among such systems, gadolinium turned out to be the
most suitable working material for magnetic refrigeration in a temperature
range around room temperature because Gd has a T of 293 K concomitant
with a maximum adiabatic temperature change of ~ 14 K for AH = 70 kOe
[1]. In the recent years, MCE has attracted considerable attention because
of its potential application in the energy-efficient and environment-friendly
refrigeration technology over a vast temperature regime including room tem-
perature [2, 3]. MCE is also used as a complimentary tool to understand

the thermodynamics in magnetic materials.

The magnetic cooling efficiency of a magnetocaloric material is evaluated
by the relative cooling power (RCP), which is defined as the product of
the maximum (max) isothermal entropy change, ASy., (T, H), or adiabatic
temperature change, AT,4(T, H), during the magnetization process, and

the corresponding full-width-at-half-maximum (6Trw ), i-e.,

RCP(S) = ASmag<T, H)Trmac X 5TFWHM (61)
RCP(T) = ATad<T, H)maz X 5TFWHM (62)

Figure 6.1 shows how AS,,,,"* (or AT,q™*) and 6T pw s are evaluated
from a typical —AS,,.,(T) data. In view of Egs.(1) and (2), for a ma-
terial to qualify for MR at room temperature, three main requirements
have to be met. The material should possess: (i) a large ASy.(T, H) and
AT, (T, H), (ii) a peak in ASp..(T, H) and AT, (T, H) (which usually
occurs at the ferromagnetic (FM) to paramagnetic (PM) transition temper-
ature, T¢) at or near room temperature, and (iii) sufficiently large 07 rw mas
of the ASy.e(T, H) and AT,4(T, H) peak. MCE has been investigated in

a very large number and a wide variety of systems [2, 3, 4, 5, 6] with a
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Figure 6.1: The evaluation of relative cooling power based on the tempera-
ture dependence of magnetic entropy change.

view to find a material with sufficiently large RCP near room temperature
over a reasonably wide temperature range. Much higher adiabatic temper-
ature change has been reported [7] in Gd based alloy, Gds(SiaGes), with
AT,y ~ 15 K for AH = 50 kOe, but at T; = 276 K and over a very narrow
temperature range and hence a much less RCP. This rules out Gd;(Si2Ges)
from being used as a working material for room temperature magnetic re-
frigeration. Efforts to replace Gd metal or Gd-based alloys/compounds as
a prototype magnetic refrigerant material did not succeed so far. In most

cases, a relatively small 0T gy gy is the main culprit.

In this thesis, a simple strategy to overcome this bottleneck has been
proposed. In FM systems of infinite size, the critical fluctuations of sponta-
neous magnetization (order parameter) have maximum amplitude and are
correlated over infinite distance (i.e., the spin-spin correlation length, &, di-

verges) at To(o0o). In an isothermal magnetization process, the maximum
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change in magnetic entropy occurs at T as the spin fluctuations with the
greatest amplitude at T get suppressed by magnetic field. Finite size of
a system (e.g., a grain of nanometer size) limits the divergence of ¢ and
thereby causes a size-dependent shift in 7T to lower temperatures (better
known as the finite-size scaling). In a nanocrystalline (nc-) sample, dis-
tribution of nanocrystallite sizes thus gives rise to a distribution of T¢'s.
Since critical fluctuations have a much larger amplitude at T in bulk FM
systems than in their nanocrystalline counterparts, the isothermal change
in magnetic entropy at T caused by an applied magnetic field of given
strength is greater in the former case. However, the reduction in the maxi-
mum AS,,.4 or AT is offset to a large extent by an appreciable increase in
dTrw v due to the distribution of T¢'s in nanocrystalline systems. The re-
sults of detailed magnetization and specific heat measurements performed
on the nc-Gd samples with average grain sizes of d = 12nm and 18nm

demonstrate that this strategy indeed works.

6.2 Theoretical Considerations

The Gibbs free energy, GG, as a function of entropy, S, and external magnetic
field, H, is given by
G=U-TS—-MH (6.3)

with the total differential in the case of an isobaric process

dG = —S dT — M dH (6.4)

For the Gibbs free energy, G, the internal parameters (generalized thermo-

dynamic quantities) S, and M, conjugated to the external variables T, and



MAGNETOCALORIC EFFECT (MCE) 181

H, can be determined by the following equations of state

S(T, H) = — (g—g)H (6.5)
M(T,H) = — (g—f])T (6.6)

6.2.1 Isothermal Entropy Change

The Maxwell equation can be obtained from Eqgs.(7.5) and (7.6) as

(S5, -5,

Integrating Eq.(7.7) gives the isothermal entropy change, AS, for a mag-
netic field change, AH, from 0 to H as

T roM(T, H
AS(T, H) = / OMTH)N (6.8)
0 )y
The heat capacity C at constant H is defined as
0Q
cn=(52) (6.9)

where () is the quantity of heat that changes the system temperature by

dT. Using second law of thermodynamics

0Q
ds =— ; 6.10
5= (6.10)
the heat capacity can be represented as
08
Cg=T|— 6.11
" (QT) H ( )

From Eq.(7.11), the isothermal entropy change, AS, corresponding to a
magnetic field change, AH, from 0 to H, can be obtained as

[T C(T,H)-C(T,H =0)
AS(T,H) = /O = dT (6.12)
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6.2.2 Adiabatic Temperature Change

The total differential of the total entropy of the magnetic system expressed
as a function of T and H can be written as

oS oS

dS =\ —=| dT — | dH 6.13
(5r), 7+ (Gm), o1
Using Eqgs.(7.7), (7.11) and (7.13), following equation can be obtained for

an adiabatic process (dS = 0)
Cu oM
—dT — | dH = 14
Te " (aT )H ! (6.14)

In an adiabatic process, an infinitesimal change in temperature due to the
change of magnetic field, from Eq.(7.14), is
T (OM
—— | = | dH 6.15
At} 615

From Eq.(7.15) yields the adiabatic temperature change, AT,4, correspond-

dTl' =

inf to a magnetic field change, AH, from 0 to H, as

AT, (T, H) = —/OH (C(;:H)>H (%)H dH (6.16)

In general, both 7" and C(T, H) cannot be moved out of the integral in
Eq.(7.16), as C(T, H) strongly depends on both T and H, and is always

changing with the change in magnetic field. Eq.(7.16) can be rewritten

using integration by parts as [8, 9]

/OH (caT,H))H (aMé?H))H dH

[t | (252, o

R oH {dH (C(z%:H)) {/H (%:;H))H dHH il (6.17)
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In the phase transition region, the value of T//C(T, H) varies much slower
compared to OM (T, H)/OT with field, the second integral in Eq.(7.17) be-

come negligible and AT,; can be calculated as

AT,u(T, H) = — (ﬁ) AS(T, H) (6.18)

It is clear from Eq.(6.18) that the value of |AT,4| is large when (OM (T, H)/OT)

is large and C(T, H) is small at the same initial temperature.

6.3 Measurement Techniques of MCE

The adiabatic temperature change, AT,,; and isothermal entropy change,
AS, which describe the MCE for given materials, can be measured directly
or calculated indirectly from the measured magnetization and/or heat ca-
pacity. Only AT,,; can be measured directly. The magnetization measure-
ment can yield only AS whereas the ‘in-field” heat capacity measurement
can give simultaneously both AT,, and AS. It is also possible to calcu-
late AT,y from magnetization provided the heat capacity at zero-field is

available.

6.3.1 Direct Method

In the direct method, under adiabatic conditions, the change in sample tem-
perature caused by the application of magnetic field is directly measured.
During such measurement, rapid change of magnetic field is required to real-
ize the adiabatic condition. This can be achieved by subjecting a stationary
sample to a pulse field [2] or by rapidly moving the sample in and out of

a uniform magnetic field region. The accuracy of the direct measurement
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technique is limited to 5 — 10% due to the errors in thermometry, errors in

field setting and the degree of the thermal isolation of the sample.

6.3.2 Indirect Method

Magnetization

The isothermal change in magnetic entropy can be calculated from the
temperature-dependent magnetization measured at various fixed magnetic
fields using Eq.(7.8). The slope of the temperature-dependent magnetiza-
tion measured at a fixed field, H,, is determined for a temperature change,
dT' =T,y — T;, at an average temperature, T,, = (T;11 + 1;)/2 as

() (MEZME) oy

AS at a fixed temperature, T,,, for a change of magnetic field from H; to
Hy is then obtained by numerically integrating (OM(T,,)/0T), from H;
to Hy as

s ] (PMI) (200 )

o3 (2l o (520

where §H,, is the field interval between the successive M(T) measurements.
To calculate AT,,; from magnetization data (Eq.(6.18)), AS and the specific
heat at fixed field, C(T, H), are required. C(7T, H) can be obtained from
zero-field specific heat using Eq.(7.11) as
OAS(T, H
C(T,H)=C(T,H=0)+T (#)

T (6.21)
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Figure 6.2: Magnetic entropy, Sy, of Gd as a function of temperature for
H =0and H =70 kOe [1]. AS and AT,y are indicated near its Curie
temperature

Heat Capacity

Both AS and AT, can be determined from Cy(T") measured at various, but
fixed, magnetic field (H) values. The total entropy, S, at a fixed field, H, as a
function of temperature can be calculated from the temperature-dependent

heat capacity C(T,H) as

o H
S(T,H) = / M dT (6.22)
0 T
and it can be rewritten as a sum
n—1
1 C(lia,H)  C(Ti, H)
S =33 (G O my o)

The isothermal entropy change, AS, for a change in magnetic field is ob-
tained by subtracting the ‘zero-field’ entropy from the ‘in-field’ entropy
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while the adiabatic temperature change, AT,,, corresponding to a change
in magnetic field is obtained by subtracting the temperature at ‘zero-field’

from the temperature at a finite field at constant entropy, as

AT,o(T,H) = T(S, H) — 5(S, H = 0) (6.24)
AS(T,H) = S(T,H) — S(T, H = 0) (6.25)

The method in determining the AS(T, H) and AT,4(T, H) from S(T,H)
curves [6] is illustrated in Fig. 6.2 for bulk gadolinium, a ferromagnet with
Curie temperature T¢ = 293 K [1]. The difference between the two entropy
curves from ‘zero-field’ to ‘in-field’ for isothermal translation results in AS

and isentropic subtraction gives AT, .

6.4 Results and Discussion

Magnetization, M, was measured by Superconducting Quantum Interfer-
ence Device (SQUID) magnetometer (Quantum Design) on ne-Gd samples
with average grain sizes of d = 12 nm and 18 nm as a function of temper-
ature at a number of fixed magnetic fields up to 90 kOe over the tempera-
ture range 1.8 K < T < 320 K. Figure 6.3 displays M (T, H) data for the

= 12nm and 18nm nc-Gd samples. Specific heat, C'(T, H) was measured
by the heat-pulse calorimeter method on the Physical Property Measure-
ment System (PPMS) of Quantum Design make on the nc-Gd samples as a
function of temperature at a number of fixed magnetic fields at H = 0 Oe,
20 kQe, 40 kOe and 50 kOe over the temperature range 1.8 K <T' < 320 K.
Fig.6.4 displays the Cy(T) for d = 12nm and 18nm nc-Gd samples. The
cusp in Cy—o(T) at T (285.65(5) K and 287.25(5) K for d = 12 nm and
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Figure 6.3: Magnetization of nanocrystalline gadolinium with average grain
size (a) 12 nm and (b) 18 nm as a function of temperature at fixed fields
ranging from 50 Oe to 90 kOe.

18 nm) becomes sharper and the value of Cy—o(T) at T = T¢r, Cu—o(T¢),
increases as d increases so much so that Cy—¢(7") in single crystal (sc-) Gd
exhibits an extremely sharp cusp at T ~ 293 K [10] and Cy—o(T¢) = 46.5,
49.9 and 60.0 J/mol-K for d = 12nm, d = 18nm and sc-Gd [10], respectively.

The electronic (Cy(T) = v T') and lattice, Cpy(T'), (Debye) contributions
to the specific heat in the temperature range 1.8 K < T < 310 K are
generated using the parameters (Op and 7) obtained by fitting the total
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Figure 6.4: Specific heat as a function of temperature at H = 0 Oe, 20 kQe,
40 kOe and 50 kOe, Cy(T) for the nanocrystalline Gd sample with an
average grain size of (a) 12 nm and (b) 18 nm. The insets highlight the
suppression of the cusp in Cy(7T) at T¢ by magnetic field.
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specific heat (Cei(T) + Cpn(T) + Ciuag(T')) data in the temperature range
1.8 K < T < 25 K. A detailed discussion of the specific heat results is
given in section 4.3.3 (chapter 4).

The magnetic part of specific heat is obtained by subtracting the elec-
tronic and lattice contributions from the total specific heat. The electronic,
lattice and field-dependent magnetic part of specific heat is displayed in Fig.
6.5. The effect of magnetic field is to progressively suppress the specific heat
cusp compared to that in C'y—o(7") and shift it to higher temperatures (in-
sets of Fig.6.4). The values of T determined from Cp—_o(7") match those
(285.63(2) K for d = 12nm and 287.22(2) K for d = 18nm) obtained from
an elaborate critical phenomena analysis [11] of the ac susceptibility [12]

data taken on the same nc-Gd samples as those used in this work.

6.4.1 Isothermal Entropy Change and Adiabatic
Temperature Change

The isothermal magnetic entropy change, ASy,.,(T, H), and the adiabatic
temperature change, AT,4(T, H), calculated from the measured magnetiza-
tion, M (T, H), and specific heat, C(T, H), at different fields, H, using the
Maxwell relations, Eqs.(7.8) and (6.18), or from the measured ‘zero-field’
and ‘in-field’ specific heat using Eq.(7.12), are plotted against temperature
in the range 260 K < T < 310 K in figures 6.6, 6.7, 6.8 and 6.9. At a given
field, the AS,,.,(T, H) values obtained from M (T, H) are in remarkable
agreement with those deduced from Cy (7)) (Figs. 6.6 and 6.7).
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Figure 6.5: The lattice and electronic contribution to specific heat as a
function of temperature, generated using the parameters (©p = 160 K for
both 12 nm and 18 nm and v = 18.1 m.J/mole for 12 nm and 17.0 m.J/mole
for 18 nm) obtained by fitting low-temperature data. The magnetic part
of specific heat as a function of temperature at H = 0 Oe, 20 kOe, 40 kQOe
and 50 kOe for the nanocrystalline Gd sample with average grain size of
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The customary approach of using mean-field (MF) theory to describe
ASpag(T, H) and AT,4(T, H) of magnetocaloric materials over a tempera-
ture range that embraces the critical region near T has met with limited
success [6]. Apart from failing to address certain material-specific issues
[6], MF theory cannot describe the suppression of critical magnetization
fluctuations by H because it neglects spin fluctuations completely. As a
step forward, the Arrott-Noakes magnetic equation of state [13] has been
used to arrive at the magnetic field dependence of AS,,., at T = T [14],

H[(Bfl)/AHl? where A = 3+~ is the gap exponent while

ie., ASmag|T:TC ~
B and ~y are the critical exponents for spontaneous magnetization and initial
susceptibility, respectively. For the MF values § = 0.5 and v = 1, this rela-
tion predicts ASmag]T:TC ~H 2/3, in agreement with the earlier MF result
[15]. To obtain a correct theoretical description of AS,,q, (T, H) within and
outside the critical region, we make use of the form of the magnetic equation

of state [16]

M(E h) = [h"* fu <ﬂ> (6.26)

|ﬁ|1/A

in nonlinear scaling variables € = (T — T¢)/T = ¢/t; e = (T — T¢) /T, and
h = H(T¢/T) = HJt; t = T/T¢, that holds [17, 18, 19] over a very wide
temperature range around 7T¢. In Eq.(6.26), fi are the scaling functions
for temperatures above (plus) and below (minus) T¢, and these functions
approach fy (which is analytic at |£] = 0) as € — 0. In the limit |2]/|h|Y2 <

1, the scaling functions ]?i(z) can be expanded in Taylor series [16] around
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Figure 6.6: The isothermal magnetic entropy change computed from the
magnetization (open symbols) and specific heat (closed symbols) data taken
at several fixed fields in the range 5 kOe < H < 90 kOe on d = 12
nm nanocrystalline Gd. Eq.(6.29) of the text yields the continuous curves
through the data.
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Figure 6.7: The isothermal magnetic entropy change computed from the
magnetization (open symbols) and specific heat (closed symbols) data taken
at several fixed fields in the range 5 kOe < H < 90 kOe on d = 18
nm nanocrystalline Gd. Eq.(6.29) of the text yields the continuous curves
through the data.
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Retaining only the first four terms in the expansion to obtain the derivative

of M(T, H) with respect to T yields

OM(T, H) o (8 5
— ) =-hO){ %

or ), A) T
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When Eq.(6.28) is used in Eq.(7.8), one obtains the final result

ASiag(T, H) = ao [ +ar [A" (7 = [E])
a [ B = (n2/2) )
a [P = (ns/3) [2]) (6.29)
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having an average grain size of d =12 nm or d = 18 nm with that reported
[10] for single crystal Gd.
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Figure 6.9: Comparison of the adiabatic temperature change, AT,,(T, H),
observed at H = 20 kQOe, 40 kOe and 50 kOe in nanocrystalline Gd having
an average grain size of d =12 nm or d = 18 nm with that reported [10] for
single crystal Gd.
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with
—(fo(0)/T¢) [no/(no + 1)] ng = /A
= (£(0)/Te) N/ +1)] n=(8-1)/A
= (f0)/Tc) [1/(na+1)] ny = (8 —2)/A
as = (f/(0)/Tc) [1/(ns +1)] ng = (8 —3)/A

and the derivative functions %(0), ”( ) and f”’( ), like fo(0), treated as
constants. The continuous curves through the data in figures 6.6 and 6.7
are obtained by using the MF values f = 0.5 and v = 1, optimizing the
parameters ag, ai, as, as, and taking T (H) to be the peak temperature at a
given field. Eq.(6.29), with the MF choice of critical exponents, adequately
describes AS,,q4 Over wide ranges of temperature and field but fails to do so
in the immediate vicinity of Tpeqr. Tpeqr lies above T, and increases with H
as H'/3 such that the difference TP** — T, increases from = 2.5 K at H =
5 kOe to =25 K at H = 90 kOe (Fig 6.10(b)). Consistent with the above
finding that Eq.(6.29) with mean-field exponent values closely reproduces
the observed AS,,..(T, H) particularly near T¢, at T = T, ASpag(T, H)
does obey the MF prediction ASyaq|7=1, ~ H"" (Fig.6.10(a)).

Figures 6.8 and 6.9 demonstrate that at H = 20 kOe and 50 kQe,
the peak values of AS,qy and ATy at T = TP AST| . ppear and
AT | p_ppear, are reduced by roughly a factor of 1.5 (Fig.6.11) but the cor-
responding dTpw s are broader by nearly the same factor of 1.5 (Fig.6.12)
in nc-Gd with d = 12 nm and 18 nm compared to those reported [4, 10] pre-
viously in sc-Gd. Another important observation is that at a given field, the

peaks in AS,,q,(T) and AT,4(T') shift to lower temperatures, get progres-

sively suppressed and broaden considerably as the average nanocrystallite
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size reduces, as expected.

6.4.2 Relative Cooling Power

The relative cooling power (RCP), calculated at different fields from either
the isothermal entropy change (Fig.6.6 and Fig.6.7), RCP(S), or from the
adiabatic temperature change (Fig.6.9), RCP(T), using Eqgs.(7.1) and (7.2),
for the nc-Gd with d = 12nm and 18nm, is compared with that reported
[4, 10] for sc-Gd, in figure 6.13 (RCP(S)) and its inset (RCP(T)).

Such a comparison demonstrates that the reduction in the average grain
size from a macroscopic size in sc-Gd to d = 12nm in nc-Gd does not al-
ter RCP for fields H < 50 kOe but when H > 50 kOe, RCP, at a given
field, increases with the grain size. This is so because the enhancement in
0Trwrn, at a given field H < 50 kOe, caused by the widening of the grain
size distribution as the average grain size decreases, compensates for the
reduction in ASy,q, (T, H)™*" or in AT,q(T, H)™" with the result that the
RCP at that field equals, if not exceeds, that of sc-Gd [4, 10]. However,
at fixed fields in the range 60 kOe < H < 90 kOe, RCP increases with d
because the peak value of AS,,q,(T, H), or AT,4(T, H) increases but the
peak width dTpw gy is either similar in magnitude (e.g. for d = 12 nm
and 18 nm) or not large enough compared to that in sc-Gd. The above
result vindicates our approach of exploiting the grain size distribution in a
nanocrystalline sample to attain reasonably high RCP over a wide temper-
ature range at moderate fields, as required for the magnetic refrigeration

applications.
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Figure 6.11: The peak value of (a) the isothermal entropy change,

ASpag(T), and (b) adiabatic temperature change, AT,4(T), for the
nanocrystalline Gd samples with d = 12nm and 18nm as well as for the
single crystal (sc) Gd (see Ref. [4] and [10]) plotted against H?/3.
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Figure 6.13: The relative cooling power (RCP), calculated from either the
isothermal entropy change, RCP(S), or the adiabatic temperature change,
RCP(T) (inset), as a function of magnetic field for the nanocrystalline Gd
samples with d = 12nm and 18nm as well as for the single crystal (sc) Gd
[4, 10]. RCP(S)y and RCP(S)c denote the RCP values obtained from
magnetization and specific heat, respectively.
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6.5 Summary and Conclusion

High-precision magnetization, M (T, H), and specific heat, C(T, H), mea-
surements have been performed on nanocrystalline gadolinium samples of
average grain size d = 12 nm and 18 nm over wide ranges of tempera-
ture (T) and magnetic fields (H). From the low-field magnetization (Fig
6.3) and ‘zero-field’ specific heat (Fig 6.4) data, it is observed that the
ferromagnetic-to-paramagnetic transition temperature, T¢, is reduced by
~ 6 K for d = 18 nm and ~ 7.5 K for d = 12 nm n-Gd sample com-
pared to T = 293 K for single crystal bulk Gd [4, 10]. The decrease in
T with decreasing grain size, in turn, results in a downward shift in the
temperature at which the usothermal entropy change or the adiabatic tem-
perature change goes through a maximum. It is also observed that the
peak value of the ‘zero-field’ specific heat, C'y—y at T is also reduced by
~ 10 J/mol — K for d = 18 nm and ~ 13.5 J/mol — K for d = 12 nm n-Gd
sample compared to 60 J/mol — K for single crystal bulk Gd [4, 10]. The
1sothermal entropy change and adiabatic temperature change as functions
of temperature are obtained from field-dependent magnetization, M (T, H),
and specific heat, C'(T, H), both peak at grain size dependent T. The peak
value of isothermal entropy change or adiabatic temperature change also de-
creases as the average grain size decreases. The calculations, based on the
magnetic equation of state in non-linear scaling variables with mean-field
critical exponents, of isothermal entropy change are able to reproduce the
observed isothermal entropy change over a very large temperature range
around T¢. The maximum deviation in fit from the observed data is at
Tpeak, which lies above T and increases with H as HY3. At T = Tg,
ASpag(T, H) obeys the MF prediction AT™| 1 ppear ~ H?/3.
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The reduction in T¢, peak value of Cy—g, isothermal entropy change
and the adiabatic temperature, is due to the fact that the grain size limits
the divergence of the spin fluctuation - spin fluctuation correlation length.
Nevertheless, the full-width at half-maximum, 6Tpw gar, of ASpe,(T) and
AT,4(T) increases due to the distribution in grain size such that the RCP
is unaltered for fields H < 50 kOe. For fields H > 60 kOe, RCP increases
with grain size, d, because the fields in this range significantly enhance the
peak value of ASy,qq(T) or AT,q(T) but not the dTrwuam of ASy(T)
or AT,q(T). The temperature range around room temperature over which
high RCP is maintained can be widened by synthesizing a ferromagnet with
T¢ higher than room temperature in the nanocrystalline form. The practi-
cal utility of using the average nanocrystallite size and size distribution as
control parameters to tune the magnetocaloric effect with a view to achieve
high cooling power near room temperature has been demonstrated by treat-

ing nanocrystalline gadolinium as an example.
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Chapter 7

Electrical- and
Magneto-transport

7.1 Introduction

In rare earth metals, the exchange coupling between the spin of the con-
duction electron and the localized 4 f moments affects the current carrying
capacity. If all the local 4f moments are aligned parallel, there would be
no net scattering of conduction-electron spins from this ordered system.
At finite temperatures, the orientation of the 4f moments gets partially
randomized and the departure from the ordered state provides a source
of conduction electron scattering, called the spin-disorder scattering. De
Gennes and Friedel [1] and Kasuya [2] proposed the models in which the
conduction electrons are assumed to be scattered by the difference between
the actual spin S of the ion at site R and the average value (S). Jyy, the
exchange coupling between the 4f moments and the conduction-electron

spins, is assumed to be independent of conduction electron wave vector.

207
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The contribution to the total resistivity due to the scattering of conduc-
tion electron from a completely disordered spin system ((S) = 0), taking
into account the spin-orbit coupling of the localized moments and evaluated

within the Born approximation, is given by
Pmag = (3TNm* [8he’ER) J2; (9 —1)2J(J — 1) (7.1)

where IV is the number of scattering centers per unit volume and m™* is the
conduction electron effective mass. As expected, Gd exhibits the largest
spin disorder resistivity and py,., calculated from the c-axis resistivity of
the heavy rare earth series Gd - Tm follows the (g — 1)?J(J — 1) depen-
dence (Eq.(7.1)) [3]. Similar results were reported for the basal plane re-
sistivity [4] and the resistivity of polycrystalline rare earth metals [5]. As
the surface to volume ratio is considerably large and the grain boundary
regions violate translational invariance and hence act as the defect sites,
the residual residual resistivity is expected to be large in nanocrystalline
rare earth metals compared to their single crystal counterparts. The spins
at the grain boundary are disordered in orientation due to the distribu-
tion in the RKKY and/or direct exchange bonds caused by the distribution
in the inter-atomic distances. Spin disorder within the grain boundary
or interfacial regions gives a significant contribution to resistivity besides
that arising from the scattering of conduction electrons from the magnons

thermally-excited within the grains.

The electrical resistivity measured on single crystal Gd [6] along c-axis
and b-axis differ considerably and this indicates the presence of strong
temperature-dependent magnetocrystalline anisotropy. Difference between
the c-axis and b-axis resistivity also asserts that the electron-phonon scat-

tering contribution to the resistivity depends on the phonon spectrum. The
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resistivity of polycrystalline rare earth metals [5] exhibits characteristic fea-
tures at temperatures where the structural and magnetic transitions take
place. For Gd, the dispersion relations for the magnons propagating in
the basal plane and along the c-axis are almost linear and quadratic in the
wave vector, respectively. Hence, the magnon contribution to the basal
plane (c-axis) resistivity varies as T* (T?) [3]. Considerably large difference
in the magneto-resistance measured along c-axis and b-axis of single crys-
tal Gd observed by McEwen and Webber [7] was attributed to the strong
anisotropy and the difference in the magnon dispersion relation along these
crystallographic directions. Hiroaka and Suzuki [8] also reported similar
results and they could calculate temperature-dependent magnetocrystalline

anisotropy constants using an empirical model.

In addition to the magnetocrystalline anisotropy, the interfacial mag-
netic anisotropy is also expected to contribute to the magnetoresistance in
nanocrystalline Gd. Since the interfacial and intra-grain magnetic anisotropy
play a major role in deciding the magnetic properties in nc-Gd, an elabo-
rate study of temperature dependent resistivity and magnetoresistance on

nce-Gd was undertaken.

7.2 Theoretical Considerations

The resistivity of a metal is best described in terms of elastic and inelastic
scattering mechanisms. In the relaxation time approximation, Matthiessen’s
rule [9] applies, which states that the total resistivity is the sum of each
of the individual resistivity contributions. The different scattering mecha-

nisms are characterized by different powers of temperature. Thus, the total
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resistivity is often a polynomial in temperature, T.

7.2.1 Scattering Mechanisms

Defect /imperfection Scattering

Impurities and defects break the periodicity of the lattice and thereby lead to
the net scattering of electrons. Since this perturbation of the crystal lattice
is unaffected by temperature, this resistivity contribution is temperature-
independent. The impurities can be in the form of elemental substitutions
on atomic sites or interstitial atoms. Since grain boundary regions have
a large concentration of defects, grain boundary scattering contribution to

the resistivity is temperature-independent and often quite large.

Electron-electron Scattering

The strong Coulomb interaction between the conduction electrons is the
prime reason for electron-electron scattering. The exclusion principle limits
the scattering of electrons to partially occupied levels near the Fermi sur-
face. For two electrons to scatter, both must be in this shell of partially
occupied levels within the width kg1 on either side of the Fermi level. This
leads to a scattering rate and therefore, the resistivity that is proportinal

to (k‘BT/EF)Z.

Electron-phonon Scattering

At finite temperatures, the lattice vibrations distort the periodic structure

of the lattice. Scattering of electrons off phonons (the quantized amplitudes
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of the lattice vibration modes) constitutes an intrinsic source of electrical
resistance in crystalline solids. The most widely employed expression for the
electron-phonon scattering contribution to resistivity, the Bloch-Griineisen
formula [9] which describes quite well the behaviour of the lattice resistivity

of a pure metal as a function of temperature, is given by

=10 (g5) / Fo e 72

where pg is a constant characteristic of the metal, ©p is the Debye temper-

ature.

At high temperatures (7' > ©p) the integral reduces to

©p 1/0 4

p(T) ~ po (6%) . (T 6p) (7.4)

At low temperatures, the upper limit of the integral is practically infinite,

with the result

so that

e 25 dz
/0 1)1 =51 (¢(b) =1244 (7.5)

At such temperatures, the resistivity is proportional to the fifth power of
the temperature, and thus falls off much more rapidly than at high temper-

atures, as

pi(T) ~ 4976 po <@£D) (T <6p) (7.6)

Electron-magnon Scattering

At low temperatures, the main contribution to electrical resistivity in or-

dered ferromagnets comes from the coherent scattering of conduction elec-
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trons by the long-wavelength spin waves (magnons) via the s-d or s-f ex-
change interaction (Js_q or Js_s). This scattering contribution is given by
[10]

@t =0) = () &

where, for a given system, pg is a constant which depends on the material
parameter such as the density of states at the Fermi level, J,_q or Js_¢,
Fermi momentum of conduction electrons, total spin, etc. By contrast,
in disordered ferromagnets, the incoherent electron-magnon scattering is
expected to significantly contribute to the resistivity at low temperatures.
Within the framework of spin-disorder model, Richter et al. have calculated
the pmay(T) for an amorphous Heisenberg ferromagnet in the spin-wave ap-
proximation as the sum of the contributions due to coherent and incoherent

electron-magnon scattering, given by [11, 12]

pmag(T) = pmag(o) + pincoh(T) + pcoh(T) (78)

with the final result

pmag(T> o QC @ 3/2 1 7'['_2 kBT 2
) —1+—(27T)QSF(3/2)§(3/2){ i) ] + T5(2kr) 35{ i) ] (7.9)

and

20 Q 2
pmag(o) = ?)Tg |:<N e) mSJsd} JS<2]€F)7 (710)

where )¢ and ) are the atomic and sample volumes, respectively, S is the
spin of the local magnetic moment, N, denotes the number of electrons, D is
the spin-wave stiffness given by the magnon dispersion relation hw;, = Dk?,
[ and £ are the gamma and Riemann zeta functions, respectively, Jgq is the
s-d exchange coupling constant, Js(2kp) = fO%F k3S(k)dk and S(k) is the

structure factor. In Eq.(7.9), the second term is an outcome of a partial
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cancellation of two competing T%/2 terms; one arises from the incoherent
(momentum non-conserving) electron-magnon scattering and increases with
increasing temperature, and the other originates from the elastic scattering
of conduction electrons from randomly oriented temperature-dependent lo-
cal moments and decreases as the temperature is increased, whereas the

third term is a coherent electron-magnon scattering term, as in Eq.(7.7).

7.2.2 Magnetoresistance

At temperatures T' < T¢, the main contribution to the magnetoresistance in
localized spin systems arises from magnons. These spin-wave contribution
to the magnetoresistance, (Ap/p)sw, is given by [10]

psw (T, H)

—1
IOSW(Ta H = O)

(Ap/p)sw =

= T3] |hin(eh 1) +23 (—1)"(65 —1)"

n=1

(7.11)

n

for (e" — 1) < 1, where the reduced field, h = (gupH/kgT). In Eq.(7.11),
psw(T,H = 0) is given by the expression, Eq.(7.7). In order to make
the variations of (Ap/p)sw with h more transparent, the (e — 1) term,
appearing in Eq.(7.11), is approximated by h for h < 1 and only the first

two (leading) terms in the sum over n are retained, with the result that [10]
1
(Ap/p)sw =2 0.304 | —h Inh + 2h — §h2 (7.12)

The first term in Eq.(7.12) becomes important only at very low fields and
is completely dominated by the other terms at intermediate and high fields.
Therefore, at all temperatures T' < T and moderately high fields, the
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longitudinal and transverse magnetoresistance both are described by [10]

Apu,J_<Ta H) _ /OH,J_(T> H) B pH,J_(T7 H)

pn,J_(Ta H = 0) Pu,J_(T, H = O)

=aH — bH? (7.13)

7.3 Results and Discussion

Electrical resistivity, p(7), was measured on the Physical Property Mea-
surement System of Quantum Design make to a relative accuracy of better
than 10 ppm on nanocrystalline Gd samples with d = 12 nm and 18 nm
and of dimensions 5 mm x 1 mm x 0.7 mm using standard four-probe
method. Typically, a dc current of 5 mA and current reversal, to elim-
inate the thermo emf, was used. 32/34 SWG copper wire was used as
current/voltage leads. Thin layer of silver paint was applied to improve the
electrical contact between the sample and the copper wire, which was tightly
fixed over the sample to the rectangular sample holder made of 1 mm thick
sapphire sheet. The sample holder was fixed to the resistivity puck using
Apiezon-N grease. The Apiezon-N grease, which is in direct contact with
the sample through the hole made on the sapphire holder just below the
sample, provides a good thermal contact between the sample and the puck

platform, beneath which the thermometer is placed.

Electrical resistivity, p(7'), was measured as a function of temperature at
0.5 K intervals in the range 2 K <T < 30 K, at 1 K intervals in the range
30 K <T <50 K and 277 K <T <294 K, at 2 K intervals in the range
50 K < T <100 K, 250 K <T <276 K and 296 K <T < 320 K and at
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5 K intervals in the range 100 K < T < 250 K in ‘zero-field” and at various
fixed magnetic fields ranging from 5 kOe to 90 kOe, applied perpendicular
to the sample length/current direction. Magnetoresistance versus magnetic
field isotherms were also measured on nc-Gd samples up to fields of 90 kOe

at various fixed temperatures starting from 2 K to 300 K.

7.3.1 ‘Zero-field’ Resistivity

The ‘zero-field’ resistivity, measured on nc-Gd with d = 12 nm and 18 nm,
is compared with the resistivity data taken along the c-axis and b-axis
reported [6] for single crystal Gd and for polycrystalline Gd [5], in figure
7.1. The values of residual resistivity 32 and 20 u$2 —cm for d = 12 nm and
d = 18 nm are an order of magnitude higher than the values 4.4 uf) — cm
for polycrystalline Gd [5] and 3.2/4.9 u2 — cm along c-axis/b-axis for single
crystal Gd [6]. The residual resistivity, arising from the charge scattering
of conduction electron from impurities and imperfections as well as the
magnetic scattering from the domain walls and the misaligned spins at
the grain boundary or within the interfacial regions, exhibits the expected
increase with the decreasing grain size in nc-Gd, as the volume fraction of
the grain boundary regions increases with decreasing grain size. Note that
the spins in the grain boundary regions are oriented at random due to the
distribution in the RKKY and/or direct exchange interactions caused by

the distribution in the nearest-neighbour distance.

Nigh et al. [6] have asserted that a good fit to the experimental data on
polycrystalline Gd [5] can be achieved by the use of the relationship

1
Ppoly = g(Ql)b + pe) (7.14)
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Figure 7.1: The temperature-dependent ‘zero-field’ resistivity of nc-Gd with
the average grain size of d = 12 nm and 18 nm is compared with that

reported for single crystal Gd along b-axis and c-axis [6] and for the poly-
crystalline Gd [5].
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where ppo 1s the calculated polycrystalline resistivity, p, and p. are the
b-axis and c-axis resistivity, respectively [6]. Alstad et al. [13] have verified
this relation for Yttrium. Since the temperature dependence of the resistiv-
ity of nc-Gd is similar to that of polycrystalline Gd (Fig.7.1), it follows that
the crystallographic directions in different nanocrystalline grains in nc-Gd

are randomly oriented.

The lattice contribution to the resistivity along c-axis and b-axis in sc-
Gd varies roughly linearly with temperature above the Debye temperature,
©p = 169 K [14], whereas the slope of resistivity curve measured on nc-Gd
with the average grain size of d = 12 nm and 18 nm is changing contin-
uously through out the temperature range (Fig.7.1), embracing the Debye
temperature, ©p = 172(2) K (169(2) K), determined from specific heat

measurements for the d = 12 nm (18 nm) sample.

Critical Region

In agreement with the predictions of the theory of Fisher and Langer [15],
the electrical resistivity, measured as a function of temperature along b-axis
on single crystal Gd [6], py(7"), exhibits an abrupt change in (positive) slope
at T'= T¢ (Fiq.7.1). By contrast, the c-axis resistivity, p.(7'), goes through
a peak at T' = Ty (Fiq.7.1) due to the anomalous thermal expansion in
the c-direction [16, 17] and only after correcting for this thermal expansion
does p.(T') conform to the Fisher-Langer prediction. Detailed investigation
of the electrical resistivity of a c-axis single crystal of higher-purity Gd
metal reveals that [18] the usual power laws in the reduced temperature

e = (T — T¢)/T¢ fail to describe p.(¢€) in the critical region. Instead, the
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expression

r(€) = Ao+ Ay e+ Byle| | Inje||? (7.15)

with B, /B_ ~ —1/4, predicted by renormalization group (RG) calculations
for a three-dimensional uniaxial ferromagnet with dipolar interactions, re-
produces the observed p.(€) in the asymptotic critical region —8 x 10™* <
e < 8 x 107* with the parameter values [18] Ay = 1.00, A; = —0.32,
B, = —0.06 and B_ = 0.22. In Eq.(7.15), r(¢) = p(€e)/p(e = 0) is the
reduced resistivity, p(e = 0) is the resistivity at T = T and plus/minus
sign refers to temperatures above/below Tx. Subsequently, extensive ac
susceptibility [19] and magnetization [20] data, taken on high-purity single
crystal Gd along the c-axis, conclusively prove that the asymptotic critical

of Gd metal is that of a three-dimensional uniaxial dipolar ferromagnet.

At first, an attempt was made to fit the resistivity data, taken in the
critical region —0.02 < € < 0.02 on the nc-Gd samples, to Eq.(7.15) by
fixing A; at the value —0.32, for both T' < Tz and T' > T, and varying Ay,
Te and By. The optimum fits to the r(e) data (dashed curves in Fig.7.2)
were obtained for the parameter values Ay = 1.000(5) for both the samples,
Te = 285.65(5) K (287.25(5) K), B_ = —0.376(4) (—0.460(18)) and B, =
0.345(6) (0.299(10)) for d = 12 nm (18 nm). However, the coefficients B
and B_ have wrong signs and the ratio B, /B_ = —0.918(26) (—0.65(5)) is
~ 3.5 (2.7) times higher than predicted by the theory. Considering that the
easy axis, dictated by the uniaxial anisotropy, varies randomly from grain
to grain in the present nanocrystalline samples, the possibility that nc-Gd
corresponds to the three-dimensional random uniaxial dipolar universality

class was next explored. Accordingly, the following expression

r(e) = Ay + A} e + B |e|| ln|e||1/2 exp [—2(D| ln|e||)1/2] (7.16)
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Figure 7.2: The reduced resistivity plotted against reduced temperature in
the critical region, for nc-Gd with the average grain size of d = 12 nm and
18 nm (open symbols), shows a slope change at the critical temperature,
Tc. The continuous and dashed lines are the fits to the data based on the
expressions Eq.(7.15) and Eq.(7.16), respectively.
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with D = 0.118, yielded by the RG calculations [21] for a three-dimensional
random uniaxial dipolar ferromagnet, was used to analyze the r(e) data.
This exercise revealed that (i) Eq.(7.16) provides better overall fits (solid
curves in Fig.7.2) to the r(e) data over the same temperature range as that
used for fits based on Eq.(7.15), (ii) while T¢ remains unaltered, the co-
efficients assume the values A = 1.0000(7), A} = 1.85(39), B" = 3.20(8)
(2.87(3)) and B, = —3.09(1) (—3.32(2)) for d = 12 nm (18 nm), and
(iii) though the signs of B’ and B’ are now correct, the ratio B, /B’ =
—0.966(28) (—1.157(20)) is still very large compared to the theoretical value
22] B!, /B! = —0.25. Since the correction term in Eq.(7.16) involves the ex-
ponential term which becomes important at 1" ~ T, the anomalously large
values of the ratio B’ /B’ could reflect the fact that the non-asymptotic
data (taken in the crossover region or well outside the asymptotic critical
region) have been used for the fits based on Eq.(7.16), which is valid only

in the asymptotic critical region.

7.3.2 ‘In-field’ Resistivity

Fiqure 7.3 shows the resistivity measured in the presence of fixed magnetic
fields in the range 5 kOe < H < 90 kOe, applied perpendicular to the
current direction/sample length, at temperatures 2 K < T < 320 K on
nc-Gd with d = 12 nm and 18 nm. Since the resistivity is measured in
the transverse configuration, Lorenz force tends to increase the electron
path length and thereby the resistance. This effect is pronounced only in
the low field regime. Application of higher fields progressively suppresses
the thermally-excited magnons and hence reduces the resistivity. Beyond a

certain field strength, the reduction in resistance due to magnon-suppression
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Figure 7.3: The temperature-dependent ‘in-field’ resistivity, py (7)), mea-
sured at various fixed fields starting from 0 Oe to 90 kOe on nc-Gd with
the average grain size of d = 12 nm and 18 nm. The insets show the tem-
perature derivative of pg(7T) at various fields for nc-Gd with average grain
size d = 12 nm (top) and 18 nm (bottom).
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more than offsets the increase in resistance owing to the Lorentz force and

a negative magneto-resistance results.

The temperature derivative of the resistivity measured at various fixed
fields for nc-Gd with d = 12 nm and 18 nm are shown in the insets of the
figure 7.3. In the low temperature region, where T° dependence of lattice
contribution to resistivity is expected (Eq.(7.6)), the field-dependent slope
is increasing drastically with increasing temperature. At the ferromagnetic
(FM)-to-paramagnetic (PM) transition temperature, T, where the critical
fluctuations of the order parameter (spontaneous magnetization) have the
maximum amplitude and above which the long-range ferromagnetic order
collapses, an abrupt drop in the temperature derivative of resistivity is ob-
served at low fields and this drop gets progressively smeared out as the

critical fluctuations are suppressed by the external field.

Residual Resistivity

The field dependence of residual resistivity (resistivity at the lowest tem-
perature, 7' = 1.8 K, at various fixed magnetic fields in Fig.7.3) of nc-Gd
with d = 12 nm and 18 nm is shown in figure 7.4. The variation of the
residual resistivity with field stands as an evidence for the contribution to
resistivity by the spins at grain boundaries and within the domain walls,
as hardly any spin waves get excited at temperatures close to T' = 0 K.
The spins in the grain boundary regions are oriented at random due to the
distribution in RKKY interactions brought about by the distribution in the
nearest-neighour interatomic distances in such regions. Thus, the scatter-
ing of conduction-electron spins from these randomly oriented local spins

significantly contributes to the resistivity at very low temperatures. As the
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Figure 7.4: The field-dependence of the residual resistivity of nc-Gd (open
symbols) with the average grain size of d = 12 nm and 18 nm. The contin-
uous lines are the fits to the data based on the expression, Eq.(7.13).

field increases, magnetic domains and hence the spins within the domain
walls as well as those in the grain boundary region get gradually aligned
along the field direction, thus reducing the magnetic scattering and leading

to negative magnetoresistance (Fig.7.4).

Low-temperature Resistivity

At low temperatures (77 < 40 K), the ‘in-field’ resistivity, py, exhibits
different temperature variations depending on the magnetic field strength.
At H =0 and H = 5 kOe, and low temperatures (" < 40 K), pu(T) is
described well by the relation

pu(T) = pu(T = 0) + a T2 (7.17)
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Table 7.1: Parameter values, based on Eq.(7.17), determined in different
temperature ranges for the nc-Gd d = 12 nm and d = 18 nm samples.

Sample H 18 K <T <1650 K 160 K <T <36 K
(k Oe) pu(T =0) a pu(T =0) a
(uQ-cm)  (nQ-em K=3/2)  (uQ-cm)  (nQ-cm K~3/?)

12nm 0 31.31(2) 45.9(6) 29.67(5) 71.4(3)
5 31.92(3) 43.8(10) 30.37(7) 71.4(5)
18nm 0 20.50(2) 32.4(7) 18.78(3) 60.1(2)
5 20.63(4) 33.2(10) 19.09(5) 60.0(2)

with the parameter values summarized in table 7.1. Figures 7.5 and 7.6
display the 7°/2 variation of pg(7T') and highlight the slope change at T+ ~
16.5 K. The observed T®/2-variation is at variance with the 72 variation
of pg(T) at low temperatures expected for a Fermi liquid (electron-electron
scattering) and/or for the coherent electron-magnon scattering, Eq.(7.7).
Such a departure from the Fermi liquid (commonly referred to as the non-
Fermi liquid) behaviour has been reported in numerous spin systems such as
heavy Fermion/strongly-correlated electron systems [23] and weak itinerant-

electron systems [24, 25, 26, 27].

Considering that the grain boundary /interfacial regions in the nanocrys-
talline samples could be modelled on the lines of an amorphous solid, the
observed T°/2 variation of py (T), as in Eq.(7.9), could arise from a net result
of two competing T' 3/2 terms: the incoherent (momentum nonconserving)
electron-magnon scattering that increases with increasing temperature as

T%/2 and the elastic scattering of conduction electrons from the randomly
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oriented temperature-dependent magnetic moments which decreases with
increasing temperature as 7%2. Thus, if the coefficient ‘a’ in Eq.(7.17) is
identified with the coefficient of the 7%/% term in Eq.(7.9), a oc D™3/% so
that the coefficient ‘@’ is expected to decrease as the spin-wave stiffness,
D, increases. Though this relation explains the reduced value of ‘a’ for
d = 18 nm compared to that for d = 12 nm since D increases as ‘d’ increases
from 12 to 18 nm but fails to account for the field-independent nature of
‘a’ irrespective of the temperature range as well as the abrupt change in
slope at Tt ~ 16.5 K. Thus, the incoherent electron-magnon scattering
mechanism, as a possible source of the 7?2 term in Eq.(7.17), can be ruled

out.

A striking feature of the present results is the change in the slope
dpr(T)/dT?? (Figs.7.5 and 7.6) at a temperature that either equals the
Bose-Einstein condensation temperature T, (for nc-Gd d = 12 nm) or is
very close to it (for d = 18 nm). This results will be revisited while dis-
cussing the temperature variation of magnetoresistance at various magnetic

fields.

As the field increases beyond 5 kOe, the T%/? variation of py (T) at low
temperatures (7" < 16.5 K) changes over to the Fermi liquid 72 variation
with a change in the slope dpg/dT? at T (H), which is close to 16.5 K at
10 kOe but shifts up and the slope-change becomes less and less prominant
as the field increases. Normally, the non-Fermi liquid behaviour is observed
in the vicinity of the quantum critical point (QCP), which is reached either
by the application of pressure or by tunning the composition to a criti-
cal value whereas the Fermi liquid behaviour is found away from the QCP

[23, 24, 25, 26, 27]. In the present case, the application of magnetic field
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Figure 7.5: The temperature-dependent ‘in-field’ resistivity, py (7)), mea-
sured on nc-Gd with the average grain size of d = 12 nm at H = 0 Oe and
5 kOe is plotted against T%/2. The straight line fit to the data above and
below T' ~ 16.5 K clearly shows a slope change at T ~ 16.5 K. The insets

show the py(T') at various field starting from 10 kOe to 90 kOe plotted
against T72.
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Figure 7.6: The temperature-dependent ‘in-field’ resistivity, py (7)), mea-
sured on nc-Gd with the average grain size of d = 18 nm at H = 0 Oe and
5 kOe is plotted against 7%/2. The straight line fit to the data above and
below T ~ 16.5 K clearly shows a slope change at T+ ~ 16.5 K. The insets
show the py(T') at various field starting from 10 kOe to 90 kOe plotted
against T72.
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Figure 7.7: The coefficient of the T? term in the expression for the ‘in-
field’ resistivity, pg(T), measured on nc-Gd with the average grain sizes of
d = 18 nm and 18 nm at magnetic fields ranging from 10 kOe to 90 kQe,
in the temperature range from 2 K to 16.5 K.

seems to drive the system away from a situation that normally prevails
near the QCP. The effect of the external magnetic field (H) is to suppress
magnons and thereby the electron-magnon contribution. Thus, the coeffi-
cient of the T? term in Eq.(7.7) decreases with H. The v/H suppression of
this coefficient dpg/dT? with field is typical of both itinerant- and localized-

electron ferromagnets [27].

7.3.3 Magnetoresistance

The transverse magnetorsistance, Ap, (T) = (pu(T) — po(T))/po(T), calcu-
lated from the ‘in-field’ resistivity (pg (7)) and ‘zero-field’ resistivity (po(7'))
as a function of temperature at various fixed fields for nc-Gd with the av-

erage grain size of d = 12 nm and 18 nm are plotted in figure 7.8 and
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7.9. The positive magnetoresistance observed at low fields results from
the dominance of the Lorenz force, which tends to increase the resistance,
over the suppression of the electron-magnon scattering contribution by the
external magnetic field, which causes a reduction in the resistance. As ob-
served in the case of ‘in-field’ resistivity (Figs.7.5 and 7.6), a slope change
in temperature-dependent magnetoresistance is observed at ~ 16.5 K at
fields < 10 kOe in both the samples. This slope change is clearly seen at

low fields and gets smeared out as the field increases beyond 10 £QOe.

For a ferromagnetic system, transverse magnetoresistance, Ap, (T, is
expected to go through a minimum at the ferromagnetic-to-paramagnetic
phase transition temperature, T, and at the minimum, the negative mag-
netoresistance, Appin, 18, usually, 8 — 12 % at fields as high as 80 — 90 kOe
[27] provided the lattice contribution to the total resistivity near 7T is small
compared to the magnetic contribution or, equivalently, T < ©p. The
negative magnetoresistance has the highest value at T' ~ T because the
critical fluctuations of spontaneous magnetization (order parameter) have
the largest amplitude at T>. For nanocrystalline Gd, T (285.63(2) K for
d = 12 nm and 287.22(2) K for d = 18 nm nc-Gd samples) is close to
room temperature and is approximately twice the Debye temperature, ©p
(=172(2) K (169(2) K) for d = 12 nm (18 nm) sample, determined from the
specific heat data). Hence, the lattice contribution to the ‘zero-field’ resistiv-
ity, po(T), is overwhelmingly large. Thus, for temperatures close to T¢, the
transverse magnetoresistance, defined as Ap, (T') = (pu(T) — po(T))/po(T),
is expected to be small. Consistent with this expectations, at Tx, Ap, is
~ 2% (~5 %) at 90 kOe for nc-Gd with d = 12 nm (18 nm), as clearly
evidenced in the figures 7.8 and 7.9.
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Figure 7.8: The temperature-dependent transverse magnetoresistance,
Ap, (T), calculated from the ‘in-field’ and ‘zero-field’ resistivity, at vari-
ous fixed fields for nc-Gd with the average grain size of d = 12 nm.
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Figure 7.9: The temperature-dependent transverse magnetoresistance,
Ap, (T), calculated from the ‘in-field” and ‘zero-field’ resistivity, at vari-
ous fixed fields for nc-Gd with the average grain size of d = 18 nm.
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Te is marked by a shallow minimum in Ap, (T) at low fields near
T ~ 285 K and progressively smears out as the field increases. The trans-
verse magnetoresistance, Ap, (T'), goes through a minimum at 7,,;, ~ 22K
when H = 10 kOe. T,.;, increases with field as H?/? as displayed in figure
7.10(b). The minimum value of Ap, , at T = T,,,;, decreases exponen-
tially from ~ 0.2 % (1 %) at 10 kOe to 15 % (17 %) at 90 kOe for the nc-Gd
sample with d = 12 nm (18 nm), as shown in figure 7.10(a). The negative
magnetoresistance has a much larger value at T' = T,,;, than that in a
normal ferromagnet at T' = T. In view of our observation that an anoma-
lous softening of spin-wave modes occurs when the temperature falls below
~ 22 K (which coincides with T,,;,), an extremely large (macroscopic) num-
ber of magnons gets thermally excited and forms a Bose-Einstein (BE) con-
densate at T' < T, and H ~ 0. The magnetic field of increasing strength
progressively destroys the BE condensate phase coherence and suppresses
the magnons, and with them the electron-magnon scattering contribution.
Consequently, the value of negative magnetoresistance at T,,;, grows con-
stantly with field. Note that at such low temperatures, the electron-magnon
scattering completely swamps the electron-phonon scattering contribution.
The observation that T,,;,(H) increases with increasing magnetic field as
H?*? (Fig.7.10(b)) [the field dependence that is characteristic of the Bose-
Einstein condensation (BEC)] is consistent with the above interpretation in
terms of the BEC picture. T,;,(H) has the same values, within the error
limits, and the field dependence for both the nc-Gd samples, d = 12 nm
and 18 nm (Fig.7.10(b)).
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Figure 7.10: (a) The minimum value of the transverse magnetoresistance,
Apmin (symbols), as a function of field along with the exponential fits (con-
tinuous lines) and (b) the temperature at which the magnetoresistance goes
through a minimum, 7},;,, plotted against H*? at various fixed fields for
nc-Gd with the average grain size of d = 12 nm and 18 nm.
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Figure 7.11: The transverse magnetoresistance vs. magnetic field isotherms
measured up to 90 kOe at various fixed temperatures from 2 K to 300 K
on nc-Gd with the average grain size of d = 12 nm. The continuous lines
are the fits to the data based on the expression, Eq.(7.13).
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Figure 7.12: The transverse magnetoresistance vs. magnetic field isotherms
measured up to 90 kOe at various fixed temperatures from 2 K to 300 K
on nc-Gd with the average grain size of d = 18 nm. The continuous lines
are the fits to the data based on the expression, Eq.(7.13).
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Figure 7.13: The coefficients ‘a’ and ‘b’ of the terms linear and quadratic
in H in Eq.(7.13), that quantify the suppression of magnetic contribution
to resistivity by the magnetic field, H, obtained by fitting Eq.(7.13) to the
transverse magnetoresistance - field isotherms measured at various temper-
atures from 2 K to 300 K on nc-Gd samples with the average grain size of
d =12 nm and 18 nm.
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Magnetoresistance Isotherms

The transverse magnetoresistance versus magnetic field isotherms, Ap, (H),
measured at various fixed temperatures from 2 K to 300 K up to a maximum
field of 90 £Oe on nc-Gd with d = 12 nm and 18 nm are displayed in figures
7.11 and 7.12. The isotherms were measured while reducing the field from a
maximum value of 90 £Oe to zero field and it resulted in a different magnetic
state of the system at low temperatures and low fields compared to that of
‘in-field’ resistivity measurement, where the system is cooled in ‘zero-field’ to
the lowest temperature and the specific field is applied. Hence, at low fields
and low temperatures, the magnetoresistance (MR) is negative as opposed to
the positive MR observed in the magnetoresistance versus temperature data.
The field-dependence of MR is significantly different at low fields for the nc-
Gd d = 12 nm and d = 18 nm samples (Figs.7.11 and 7.12). This difference
is due to the fact that, at low fields and temperatures, the magnetization
state is essentially determined by the effective anisotropy field, which is
markedly different (primarily due to the interfacial anisotropy contribution)
for nc-Gd with d = 12 nm and 18 nm. The decrease in MR at high fields
basically reflects the suppression of spin waves by the magnetic field. At
relatively high fields, the expression for Ap, (H) isotherm, Eq.(7.13), that
takes into account the suppression of magnon contribution to the resistivity,
is able to generate good fits (continuous lines) to the Ap, (H) isotherms
(symbols) measured at various temperatures ranging from 2 K to 300 K
(Figs.7.11 and 7.12). Like the transverse magnetoresistance at 7' = T,y
(Figs.7.8 and 7.9), the coefficient ‘a’ and ‘0" as functions of temperature go

through a dip at 7"~ 30 K.
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7.4 Summary and Conclusion

The electrical resistivity and magnetoresistance measured on two nc-Gd
samples with the average grain size of d = 12 nm and 18 nm show the
overall features similar to that of a polycrystalline Gd. The grain boundary
contribution to the residual resistivity increases drastically in nc-Gd with
the average grain size of 12 nm compared to that in d = 18 nm. The re-
sistivity in the critical region is better described by the three-dimensional
random uniaxial dipolar model than the pure three-dimensional uniaxial
dipolar model. While both the models yield the same T¢, the ratio B, /B_,
obtained in the temperature ranges above and below T, is large compared
to that theoretically predicted. This anomalous value of the ratio is due to
the use of the non-asymptotic data. The variation of the residual resistivity
with field provides a strong evidence for the contribution to resistivity by
the spins at grain boundaries and within the domain walls. The scatter-
ing of conduction-electron spins from these randomly oriented local spins
significantly contributes to the resistivity at very low temperatures. At
low temperatures (7" < 40 K) and low fields (H = 0 and H = 5 kOe),
pu(T) varies as T%? with a slope change at T+ ~ 16.5 K. The fact that
the slope of py(T) vs. T3/ is field-independent both below and above
T+, completely rules out the possibility that either the elastic scattering
of conduction electrons from the randomly oriented temperature-dependent
magnetic moments or the incoherent electron-magnon scattering or both
significantly contribute to the resistivity at such fields and temperatures. In-
stead the T°/2 variation of resistivity is taken to reflect the non-Fermi liquid
behaviour. As the field increases beyond 5 kOe, the T3/2 variation of py (T)
at low temperatures (T' < 16.5 K) changes over to the Fermi liquid 72 vari-
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ation. Normally, the non-Fermi liquid behaviour is observed in the vicinity
of the quantum critical point (QCP). In the present case, the application of
magnetic field seems to drive the system away from a situation that normally
prevails near the QCP. The effect of the external magnetic field (H) is to
suppress magnons and thereby the coherent electron-magnon contribution.
Thus, the coefficient of the T? term decreases with H. The temperature-
dependent magnetoresistance goes through a minimum at 7,,;, = 30 K
at 90 kOe and has the value ~ 15% (17%) at the minimum for 12 nm
(18 nm), a value greater than that at the ferromagnetic-to-paramagnetic
phase transition. When the temperature falls below ~ 22 K (which coin-
cides with T},,;,), an extremely large (macroscopic) number of magnons gets
thermally excited and forms a Bose-Einstein (BE) condensate at T' < Tyin
and H ~ 0. The magnetic field of increasing strength progressively destroys
the BE condensate phase coherence and suppresses the magnons, and with
them the electron-magnon scattering contribution. Consequently, the value
of negative magnetoresistance at T,,;, grows constantly with field. 7, in-
creases with increasing magnetic field as H%*? [the field dependence that is
the characteristic of Bose-Einstein condensation (BEC)] is consistent with
the above interpretation of the large negative magnetoresistance at T),ip
in terms of the BEC picture. The magnetoresistance isotherms measured
at various fixed temperatures also eslablish that the maximum change in
magnetoresistance at 90 kOe ~ 15% (17%) for d = 12 nm (18 nm) sam-
ple is occuring at T},;, ~ 30 K. Like the transverse magnetoresistance at
T = T,,in, the coefficients ‘a’ and ‘b’ as functions of temperature go through

adip at T~ 30 K.
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Chapter 8

Concluding Remarks

8.1 Summary and Conclusion

The irreversibility in magnetization, which sets in at temperatures close to
T at very low fields and vanishes at a critical field, is due to the existence
of metastable magnetization states which become unfavourable in the pres-
ence of external magnetic field. These metastable low-magnetization states
are separated from the stable high-magnetization states by the temperature-
and field-dependent effective anisotropy energy barriers caused by the intra-
grain and interfacial magnetic anisotropies. The time-dependent magneti-
zation and the temperature- and field-dependent magnetic viscosity result
from the thermal activation of domain magnetization over these energy bar-
riers. The magnetic viscosity obtained from the imaginary part of the ac
susceptibility, together with the logarithmic time dependence of magneti-
zation suggests that the distribution in the energy barrier heights is very
broad. The temperature dependence of the coercivity shows that the shape

anisotropy also plays a crucial role in the magnetization reversal process.
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The ‘approach-to-saturation’ is made difficult by the magnetocrystalline

and magnetostatic fluctuations in nanocrystalline gadolinium.

The results of the line-shape analysis of temperature-dependent FMR
spectra are anomalous in that both resonance field, H,.s, and peak-to-peak
linewidth, AH,,, decrease with temperature till the temperature 7% =
280 K, near Tz = 285.5(1) K, is reached. AH,, is abnormally large
(=2 3.3 kOe) at temperatures in the range 113 K < T < 185 K. H,.s(T)
and AH,,(T), however, show a normal behavior only when 7" exceeds T,
where AH,,(T) “peaks” while H,.,(T) goes through a steep minimum.
The ‘in-plane’ anisotropy field, Hx(7'), exhibits a broad peak at the spin-
reorientation temperature, Tsr = 230 K and falls rapidly in magnitude as
the To = 285.5 K is approached. The temperature dependence of M(T)
has nearly the same functional dependence on temperature as the ‘zero-
field-cooled’” magnetization observed at a field that is an order of magnitude
smaller than H,.,(T) and a much lower magnitude at all temperatures com-
pared to that expected for a normal ferromagnet. The anomalous features
in M(T), H,,(T) and H,.s(T") are basically due to the strong random intra-
grain anisotropy (RIGA) and the interfacial random anisotropy (IRA). The
unusual temperature dependence of Hg reflects a strong interplay between
these two types of anisotropies with IRA proving more decisive in decid-
ing the functional form of Hg(T). The lineshape analysis of the angle-
dependent FMR spectra also reveals that besides the shape anisotropy, the
cubic and uniaxial magnetic anisotropies are simultaneously present and
they mimic the random intra-grain anisotropy and the interfacial random

anisotropy in nanocrystalline Gd.

The observation of the anomalous softening of spin-wave modes at low
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temperatures in nanocrystalline gadolinium is interpreted as the Bose-Einstein
condensation (BEC) of magnons. The physical quantities that characterize
the BEC transition such as the BEC temperature, T.(H), the average occu-
pation number for the ground state (the BEC order parameter), (ng), the
chemical potential, i, and the condensate coherence volume, V', have been
determined self-consistently for the first time. The volume over which the
condensate wavefunction retains its phase coherence shrinks by nearly 14
(6) orders of magnitude from its value 0.0075(5) cm?® (1.1(6) x 107! em?)
at H = 0 for d = 12 nm (18 nm) and approaches the volume of a single
grain as fields in excess of 30 kOe are applied. The observations that (i) 7,
increases with H as T.(H) = T.(H = 0) +aH??, (ii) at H = 0, the conden-

3/2 t0 zero at T = T and remains

sate fraction decreases linearly with (7'/7,)
zero for T > T, (iii) T.(H) o (field — dependent condensate fraction)?/3,
(iv) p — 0 as H — 0 for T' < T, and abruptly falls to large negative values
as the temperature exceeds T,., and (v) the field-induced change in mag-
netic entropy, ASy.g, follows the T2 power law at low temperatures and
goes through a peak at T*(H) establish that magnons in nanocrystalline

gadolinium undergo BEC transition at low temperatures (7" < 20 K).

The temperature-dependent magnetization, M (7T'), (specific heat, C(T")),
measured on nanocrysatlline Gd samples at a number of fixed magnetic
fields up to 90 kOe (at H = 0 Oe, 20 kOe, 40 kOe and 50 kOe), shows that
the ferromagnetic (FM) - to - paramagnetic (PM) transition temperature,
Te, is shifted down by 7.4 K (5.8 K) compared to the T (293 K) of single
crystal Gd as well as the peak value of the cusp in Cy(T) smeared out
considerably as the grain size is reduced. This is because the finite grain

size limits the divergence of the spin-spin correlation length and thereby
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causes a size-dependent shift in Ty to lower temperatures. The peak val-
ues of the isothermal entropy change, AS,,.,(T,H), and adiabatic tem-
perature change, AT,4(T, H), calculated from the measured magnetization,
M(T, H), and specific heat, C(T, H), at different fields, H, are reduced by
roughly a factor of 1.5 but the corresponding full-width-at-half-maximum,
0Trwm, are broader by nearly a factor of 2 in nanocrystalline Gd com-
pared to those reported previously in single crystal Gd. At a given H,
the peaks in AS,,,,(T, H) and AT,q(T, H) shift to lower temperatures, get
progressively suppressed and broaden considerably as the average nanocrys-
tallite size reduces. The temperature at which AS,,q, (T, H) peaks, Tpear,
lies above Tiy and increases with H as HY3. At T = Tg, AS,nay(T, H) does
obey the mean-field prediction AS,uy|r=7. ~ H?/3. The reduction in the
average grain size from a macroscopic size in single crystal Gd to d = 12 nm
in nanocrystalline Gd does not alter the relative cooling power (RCP, prod-
uct of the maximum of AS,,q,(T, H) or AT,q(T, H) and the corresponding
0Trwmar, which serves as a figure of merit for the magnetic refrigeration
application) for fields H < 50 kOe but when H > 60 kOe, RCP, at a given

field, increases with the grain size.

The residual resistivity in nanocrystalline Gd is an order of magnitude
higher than that in polycrystalline Gd and single crystal Gd. The temper-
ature dependence of resistivity in nanocrystalline Gd, when compared with
the resistivity of single crystal Gd measured along the c-axis and b-axis, sug-
gests that the crystallographic directions in different nanocrystalline grains
in nanocrystalline Gd are randomly oriented. The change in (positive) slope
of the temperature-dependent resistivity in the critical region (7" = T¢),

similar to that observed in single crystal Gd, is better described by the



CONCLUDING REMARKS 247

three-dimensional random uniaxial dipolar ferrmagnet model. The obser-
vation that the residual resistivity decreases with increasing field provides
a strong evidence for the contribution to residual resistivity by the spins
at grain boundaries and within the domain walls, as hardly any spin waves
get excited at 7= 0 K. The ‘zero-field’, py—o(T'), and ‘in-field’ resistivity,
pi(T), both vary with temperature as 7%/? (non-Fermi liquid behaviour) at
low temperatures (< 40 K') and fields (< 5 kOe) and exhibit a slope change
at Tt ~ 16.5 K. Normally, the non-Fermi liquid behaviour is observed
in the vicinity of the quantum critical point (QCP). As the field increases
beyond 5 kOe, the T%? variation of py(T) at low temperatures changes
over to the Fermi liquid 72 variation. The transverse magnetoresistance,
Ap, (T), goes through a minimum at T,;, ~ 22 K when H = 10 kOe. Ty
increases with field as H?/3. The minimum value of Ap, (T) at T = Tpin
decreases exponentially from ~ 0.2% (1%) at 10 kOe to 15% (17%) at 90
kOe for the nanocrystalline Gd sample with d = 12 nm (18 nm). The
negative magnetoresistance has a much larger value at T' = T,,,;,, than that
in a normal ferromagnet at T' = T. The above observations along with
finding that an anomalous softening of spin-wave modes occurs when the
temperature falls below T, ~ 22 K (which coincides with T,;,) lead to the
conclusion that an extremely large (macroscopic) number of magnons gets
thermally excited and forms a Bose-Einstein (BE) condensate at H ~ 0

when T' < T,in.

The final picture that seems to emerge from the above results is as fol-
lows. The interplay between the intra-grain and the interfacial random
magnetic anisotropies along with the shape anisotropy results in a non-

collinear spin structure at the grain boundary in nanocrystalline gadolin-
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Figure 8.1: The BEC temperatures, 7., determined from M (7T') and Cy(T)
or the BEC equivalent characteristic temperature, 7%, determined from
ASpag(T), Tnin, from Apy (T)/po, T, the temperature at which p(T') vs.
T3/? has a slope change, and T}, the temperature at which ac susceptibility
peaks, all plotted against H?/3.
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ium. Since the intra-grain magnetic anisotropy is temperature-dependent,
the non-collinear spin structure at the grain boundary varies with temper-
ature. The non-collinear spin state reduces the spin-wave stiffness, and
thereby softens the spin wave modes, and establishs spontaneous phase co-
herence of magnon BE condensate wavefunction as the temperature falls
below the BEC transition temperature 7;, which is well-defined only when
H = 0. With increasing average grain size, the interfacial anisotropy, in
particular, is altered and so is the interplay between the intra-grain and in-
terfacial anisotropies. Modified interplay, in turn, causes a reduction in the
non-collinearity, increases the spin-wave stiffness D, suppresses the spon-
taneous phase coherence and hence the condensate fraction. The effective
mass of magnons decreases as the spin-wave stiffness increases and con-
sequently, T, increases with the average grain size. Magnetic field tends
to make the spin structure more collinear, destroy phase coherence and
thereby reduces the BEC condensate coherence volume, V', and the av-
erage occupation number for the ground state (ny(7" = 1.8K)) such that
(no(T = 1.8K))/V increases with H and so does T, in accordance with the
H?? BEC law (Fig.8.1). Next, we comment upon the observation, based
on the data presented in figure 8.1, that the values of the BEC transition
temperature or an equivalent BEC characteristic temperature at different
fields, as determined from magnetization (T.(H), V), specificheat (T.(H),
), entropy change (T7*(H), W), transverse magnetoresistance (T, (H),
), ‘zero-field’ resistivity (T (H), +) and ac susceptibility (7,(H), o), are
widely different and yet all of them follow the characteristic BEC H?/3 vari-
ation. While magnetization and specific heat data yield directly T.(H), the
BEC gets reflected in the remaining measurements indirectly. For instance,

T*(H) marks the temperature at which the magnetic field-induced change
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in magnon entropy exhibits a change in slope as a function of temperature
much the same way as T.(H) is the temperature at which a slope change
in the (absolute) magnon entropy as a function of temperature occurs at
different but fixed fields. Similarly, BEC manifests itself indirectly in the
field-induced change in the electron-magnon contribution to resistivity, i.e.,
in the form of a minimum in the negative magnetoresistance at T,,;,. Thus,
it is not surprising that the BEC characteristic temperature 7*(H) and
Tin(H) exhibit the H?*? dependence on H but lie consistently below the
BEC transition temperature 7.(H).

8.2 Future Scope

The results of the present investigation underscore the need to map the
spin structure within the grains and at grain boundaries in the BEC as well
as the normal states in nanocrystalline gadolinium. To this end, the first
step could be the magnetic force microscopy and Kerr-microscopy studies.
The T°/? variation of resistivity for H < 5 kOe (i.e., the non-Fermi liquid
behaviour) at 7" < 16.5 K is indicative of significant deviations from the
conventional magnon dispersion relaxation Aiw = A + DE? in that it may
not be quadratic in the wave vector k. To ascertain whether or not this
is true, inelastic neutron scattering experiments need to be performed on

nanocrystalline gadolinium at low temperatures.
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