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Foreword

This volume collects several lectures presented by invited speakers from
Croatia, Macedonia, Romania and Serbia at the International Workshop on
Advances in Nanomaterials, held in Magurele-Bucharest, September 17-19,
2018. The workshop was mainly focused on (i) Low dimensional systems
and heterojunctions, (ii) Size effects, quantum dots and nanomagnetism,
(iii) Spintronics and multifunctionality, and (iv) Photovoltaics,
photocatalysis and photonics. Its scientific aspects were supervised by an
International Advisory Board, composed of Prof. Stefan Antohe
(Bucharest), Dr. Victor Barsan (Bucharest), Dr. Victor Kuncser (Bucharest),
Prof. Nenad Novkovski (Skopje), Prof. Nicola Seriani (ICTP).

The workshop is already a traditional activity, starting in 2012. It puts
together researchers with different profiles - experimental, theoretical and
computational physicists, chemists and engineers - mainly from Central
and Eastern European countries. The scientific and financial support of
ICTP - Trieste was essential for the success of these scientific meetings.

In 2018, the workshop was organized by the National Institute of Materials
Physics (NIMP) with its International Center for Training and Advanced
Research (Centre International de Formation et Recherche Avancée -
CIFRA), by the Physics Department of the University of Bucharest and by
the UNESCO Chair of the Horia Hulubei Foundation. Its main sponsors were
ICTP Trieste and NIPM.

The editors are grateful to authors who contributed to this Proceedings. The
other lecturers are also present with their abstract, included at the end of
the volume. Hopefully, the publication of a proceedings volume might
become a rule for the future similar workshops.

Victor Bdrsan
Editor
Magurele - Bucharest, December 2018
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Abstract

We review part of the recent results of conductive polymers and
chlorophyll-a (Chl-a) thin films based photovoltaic structures, obtained by
spin-coating, in ambient atmosphere. Exploiting the advantage that Chl-a is
soluble in orthogonal solvents and alcohol, the discussed photovoltaic
devices involve the customization of both holes selective layer (HSL) and
active layer. The obtained results indicated that the presence of Chl-a in the
architecture of active layer enlarges the spectral domain, increasing the
number of photo-generated charge carriers, while for HSL improves the
holes collection to the front contact. A particular blend, working as HSL,
based on poly(3,4-ethylenedioxythiophene)-poly(stryrenesulfonate)
(PEDOT:PSS) and Chl-3a, in 4:1 wt.%, leaded to almost double value of the
external quantum efficiency, in terms of reference devices.

Keywords: P3HT, PC¢1BM, Chl-a, photovoltaics

Introduction

Nowadays, the attention gained by organic photovoltaic devices (OPVs) is
strongly correlated with the unique physical and chemical properties of
conductive polymers [1-3] and a particular architecture involving a 3D
interpenetrating network built by mixing a conductive polymer and a
fullerene derivative and denoted “bulk-heterojunction” [4-6]. Particular
interest was paid to a blend based on poly(3-hexylthiophene-2,5-diyl)
(P3HT) and [6,6]-phenyl-C61 butyric acid methyl ester (PCs1BM), working
as donor and acceptor materials, respectively, due to their convenient
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match of the energetic levels and high miscibility. The frequently used
weight ratio between these two components is 1:1, while as solvent 1, 2-
dichlorobenzene or chloroform is used. Furthermore, because was proved
that oxygen and moisture lead to serious degradation of OPVs [7, 8],
usually, the fabrication and characterization of such devices are made in
glove-boxes; dedicated equipments which ensure low volumes of oxygen.
In order to improve both the power conversion efficiency and time stability
of these kinds of structures, different configurations had been taken into
account, involving the preparation methods or customizing the constitutive
[9-12]; e.g. Socol et al. proved that by increasing the weight ratio of Ceo
amount for the active layer, the photovoltaic performances of the blend
heterostructures are increased due to a better charge carriers’ collection to
electrodes [13]. Also, Kommeren et al. had proposed the use of different
solvents than the orthogonal ones and the obtained results were similar
with reference devices [14] and Al-Zanganawee et al. modified the
architecture of the active layer by adding functionalized single wall carbon
nanotubes [15].

The conventional OPVs devices are designed in order to facilitate
the holes collection to anode and the electrons to cathode, so intermediate
layers working as holes selective layer (HSL) and electrons selective layer
(ESL) are added. One of the frequently used HSL is poly(3,4-
ethylenedioxythiophene)-poly(stryrenesulfonate) (PEDOT:PSS), while as
ESL, lithium fluoride (LiF) or calcium fluoride (CaF) are selected. The
optimization of such kind of films had achieved the same importance as the
optimization of the active layer, because the generated photo-current is a
measure of the photovoltaic performances of the devices.

Chlorophyll-a (Chl-a) is a natural porphyrin, the key-molecule in
the photosynthesis process, and has similar p-type electrical conductivity.
Usually, Chl-a can be easily extracted by chromatography [16] and has the
advantage of being soluble in both orthogonal solvents and alcohol. Despite
its great potential for photovoltaic applications [17,18], a relatively small
number of papers are focused on this topic because some issues are still
waiting an answer. One of them is related to poor time stability of Chl-a due
to the non-regeneration process of it.

In this paper we review few recent results related to conductive
polymers and Chl-a thin films based photovoltaic devices. Photo-electrical
behavior of different architectures involving the customization of either the
HSL or active layer is discussed in terms of conventional structures. The
reported results indicated that Chl-a can be a suitable candidate for OPVs
because enlarges the spectral domain of the active layer, and, also, as
constitutive of HSL improves the short-circuit current density.
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Experimental procedures

Fabrication routine and materials. Chlorophyll-a and conductive polymers
thin films based photovoltaic structures were fabricated by spin-coating, in
ambient atmosphere, taking into account different architectures. First step
of the preparation routine consisted in the deposition of a hole selective
layer (HSL) onto optical glass substrates covered with indium tin oxide
(ITO) working as anode. Before the HSL deposition, the substrates were
subsequently cleaned in acetone, isopropyl alcohol and deionized water for
15 minutes each procedure. In order to increase the charge carriers
collection to the front electrode, customized configurations of the HSL
based on Chl-a and poly(3,4-ethylenedioxythiophene)-
poly(stryrenesulfonate) (PEDOT:PSS) were build, e.g. bi-layer structures
PEDOT:PSS/Chl-a and Chl-a/PEDOT:PSS and PEDOT:PSS + Chl-a (4:1)
mixture. Likewise, the active layer was tailored too as blend between
poly(3-hexylthiophene-2,5-diyl) (P3HT), as donor, [6,6]-phenyl-C61
butyric acid methyl ester (PC¢s1BM), as acceptor, and Chl-a, in different
weight ratios. For some obtained samples, the improvement of electrons
collection to back electrode was facilitated by the deposition of an ultra-
thin film of lithium fluoride (LiF, 10 nm), by thermal evaporation (TVE). To
complete the photovoltaic structures an aluminum (Al) cathode was
deposited, by TVE too. The working parameters used to grow the HSL were
as follows: the angular velocity 2000 rpm and the speed time 40 seconds,
while in the case of the active layer a two-step procedure was used; first the
angular velocity was set to 650 rpm for 60 seconds, and second it was
increased to 1500 rpm for 15 seconds. To remove all solvent traces of both
HSL and active layer, annealing was performed at 120°C for 1h30 for the
first and at 110°C for 30 minutes, for the latter. The active area of all
fabricated photovoltaic structures was 0.4 cm2. For ease of discussion, in
Table 1 the prepared architectures together with their tailored holes
selective layers and active films are presented.

Characterization techniques. Morphological and surface features of
fabricated thin films were analyzed by scanning electron microscopy (SEM)
and atomic force microscopy (AFM), respectively. The SEM equipment used
was a TESCAN VEGA, XMU model, while the AFM was a MDT Ntegra
machine. Optical investigations of active layers were performed in the
wavelength range of 300 - 800 nm, covering the absorption bands of P3HT,
PCBM and Chl-a. Parameters characterizing photovoltaic structures i.e.
short-circuit current (Isc), open circuit voltage (Vo) and fill factor (FF) were
determined by current-voltage (I-V) measurements, at room temperature,
using a Keithley 2400 sourcemeter and a Newport Oriel solar simulator,
working in AM 1.5 conditions (a solar zenith of 48.2° and an incident power
density of 100 W/cm?2). The external quantum efficiency (EQE) values of
fabricated devices were calculated by action spectra, at room temperature,
too.
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Table 1. The configurations of fabricated photovoltaic structures and their active layers

Structure Hole selective Active layer Referen
layer ce
glass/ITO/PEDOT:PSS/P3HT:PCs;BM PEDOT:PSS P3HT:PC¢BM (1:1) [19]

(1:1, wt.%)/Al

glass/ITO/PEDOT:PSS/P3HT:PCs;:BM:C  PEDOT:PSS P3HT:PC¢BM:Chl-a [19]
hl-a (1:1:10, wt.%)/Al (1:1:10)
glass/ITO/PEDOT:PSS/Chl- PEDOT:PSS/Chl-a P3HT:PCeBM (1:1) [19]

a/P3HT:PCs:BM
(1:1, wt.%)/Al

glass/ITO/PEDOT:PSS:Chl-a(4:1, PEDOT:PSS:Chl-a  P3HT:PCe:BM (1:1) [20]
Wt.%)/P3HT:PCe1BM(1:1, wt.%)/LiF/Al  (4:1)

glass/ITO/PEDOT:PSS/P3HT:PCs;:BM:C  PEDOT:PSS P3HT:PC¢BM:Chl-a [20]
hl-a (1:1:1, wt.%)/LiF/Al (1:1:2)
glass/ITO/Chl- Chl-a/PEDOT:PSS  P3HT:PCe:1BM (1:1) [20]

a/PEDOT:PSS/P3HT:PCs1BM
(1:1, wt.%)/LiF/Al

Results and discussion

The mixture between P3HT and PCBM is commonly used as active layer in
the field of bulk-heterojunction photovoltaic devices due to an appropriate
energy level alignment of theirs highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), related to
valence band and conduction band, respectively, of inorganic
semiconductors. The usage of buffer layers, such as HSL or electrons
selective layer (ESL), e.g. LiF, or the fabrication of tailored HSL involving
Chl-a demands suitable energy levels of constitutive. The energy band
offset diagram of component materials of the prepared samples is
presented in Figure 1, together with the chemical structure of P3HT, PCBM
and Chl-a.
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Fig. 1a — Diagram energy levels of component materials of prepared photovoltaic
devices.

P3HT PC,,BM Chl-a

Fig. 1b — Chemical structure of P3HT, PCs:BM and Chl-a.

One may notice the very good match of LUMO of Chl-a with LUMO of P3HT,
in one hand, and on the other hand the match of HOMO of Chl-a with HOMO
of PEDOT:PSS. Due to this characteristic features, Chl-a offers the
advantage of customizing both the HSL and the active layer. While
PEDOT:PSS is a heavily doped p-type semiconductor [21,22], Chl-a has
similar p-type electrical conductivity, and either a mixture between these
constitutive or a bi-layer configuration is possible to decrease the energetic
barrier between the active layer and front electrode, in order to improve
holes collection, if was optimized. Nevertheless, an architecture such as
Chl-a/PEDOT:PSS seems to be more appropriate than PEDOT:PSS/Chl-a
used in glass/ITO/PEDOT:PSS/Chl-a/P3HT:PCs:BM  (1:1, wt.%)/Al
structures from Table 1.

In order to determine how the presence of Chl-a influences the
surface morphology of fabricated samples, AFM images and SEM
micrographs were made, and are presented in Figure 2 for glass/ITO/Chl-
a/P3HT:PCs1BM (1:1, wt.%), glass/ITO/P3HT:PCe:BM:Chl-a (1:1:10, wt.%)
and glass/ITO/P3HT:PC¢1BM (1:1, wt.%) thin films. By using the Gwyddion
software package the root mean square (RMS) and roughness average (R.)
parameters were calculated, and are summarized in Table 2.
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glass/ITO/Chl-
a/P3HT:PCs1BM
(1:1, wt.%)

glass/ITO/P3HT:PCs
1BM:Chl-a (1:1:10,
wt.%)

glass/ITO/P3HT:PCs
1BM
(1:1, wt.%)

Fig. 2 — SEM micrographs and AFM images of fabricated glass/ITO/Chl-
a/P3HT:PCs1BM (1:1, wt.%), glass/ITO/P3HT:PCs1BM:Chl-a (1:1:10, wt.%) and
glass/ITO/P3HT:PCs1BM (1:1, wt.%) thin films. For the AFM images the scanned area
was 25 um x 25 um, working in non-contact mode [19].
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Table 2. Calculated values of root mean square (RMS) and roughness average (Ra) of
growth glass/ITO/Chl-a/P3HT:PCs:BM (1:1, wt.%), glass/ITO/P3HT:PCsiBM:Chl-a
(1:1:10, wt.%) and glass/ITO/P3HT:PCs1BM (1:1, wt.%) thin films. The software package
used was Gwyddion.

Thickness
Structure (nm) RMS (nm) R. (nm)
Chl-a/P3HT:PCs1BM 206 54 43
(1:1, wt.%)
P3HT:PCs1BM:Chl-a 277 56 47
(1:1:10, wt.%)
P3HT:PC¢1BM 175 2.4 1.1

(1:1, wt.%)

While RMS is defined as the square root of the distribution of the
surface heights, R, is related to the mean height calculated for the whole
scanned area. The values presented in Table 2 were determined using the
following expressions [23]:

RS = |2 [10G2ldx @

Rq =1 [12(x)|dx 2)
in which L is the length of the profile on x-axis and y(x) is the variation of
the height from the profile line for each data point, and in equation (2) z is
the function that describes the surface profile analyzed in terms of height
(z) and position (x) [24,25].

From both RMS and R, it can be inferred that the surface of
P3HT:PCs1BM (1:1, wt.%) thin films is more smooth and homogeneous than
that of glass/ITO/Chl-a/P3HT:PC¢1BM (1:1, wt.%) and
glass/ITO/P3HT:PCs1BM:Chl-a (1:1:10, wt.%) samples, proving the good
miscibility between the components, i.e. the solvent used was 1,2-
dichlorobenzene. By adding the Chl-a either in the bi-layer architecture or
in the mixture the values of RMS and R, have increased about 200 times. In
the case of glass/ITO/P3HT:PCs:BM:Chl-a (1:1:10, wt.%) layers, this
behavior can be associated with the fact that Chl-a molecules are too large
and cannot occupy the sites in the P3HT matrix, leading to the creation of
clusters at the surface. As SEM micrographs and AFM images indicate, these
clusters are around 1 pm diameter and are relatively uniform distributed.
[tis well-known that subjected to annealing at temperatures around 100°C,
the P3HT:PCs1BM (1:1, wt.%) blend show an early crystalline structure [26]
and one can easily notice the similarity of the form of the clusters indicated
by AFM images and SEM micrographs. We assume that the pre-
crystallization process involved not only P3HT and PCs:1BM, but affected the
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Chl-a molecules, too. Nevertheless, it is difficult to conclude if the sites
correlated with Chl-a are preferential or randomly chose. For
glass/ITO/Chl-a/P3HT:PCe1BM (1:1, wt.%) configuration, the increase of
RMS are R, values is related to a physically non-optimized interface
between Chl-a and P3HT:PCe:BM (1:1, wt%), as AFM and SEM
investigations showed, despite that Chl-a was deposited from a methanol
solution. Due to the fact that Chl-a molecules are large, part of the mixture
between P3HT:PCs1BM (1:1, wt.%) get in, and clusters of about 5 pm were
formed. Moreover, the bi-layer type architecture leaded to direct contact
between components, so clusters with random forms were created.

The optical absorption spectra of Chl-a, P3HT:PCe:BM (1:1, wt.%)
and P3HT:PC¢1BM:Chl-a (1:1:10, wt.%) thin films are presented in Figure 3.

6x10° . . . 1.4x10°
Chl-a
. 5X106 L . P3HTPC61BM (1 :1, Wt.o/o) 41.2x1 06
= + P3HT:PC_BM: Chl-a (1:1:10, wt.%)
P3HT

Absorption coefficient (m

4x10°

3x10°

2x10°

hl-a

1.0x10°

8.0x10°

6.0x10°

1x10°F  PCerBM 4.0x10°
0 L L L L L 2.0x10°
300 400 500 600 700 800

wavelength (nm)

Fig. 3 — Absorption spectra of Chl-a, P3HT:PCes1BM (1:1, wt.%) and P3HT:PCs1BM:Chl-a
(1:1:10, wt.%) thin films, determined in the wavelength range of 300 — 800 nm, at
room temperature [19].

One may observe that despite the smaller absorption coefficient
values of individual Chl-a layer, the spectral domain that covers, it is
complementary with that of P3HT:PCs1BM (1:1, wt.%). Between the
particular maxima of Chl-a located at 670 nm (Q-band) and 435 nm (Soret
band), the specific absorption features of P3HT at 550 nm and at 600 nm,
attributed to m-m* transitions, are easily visible [27]. PC¢1BM is a methano-
fullerene derivative with no notable optical absorption below 550 nm,
however the footprint of a peak can be identified around 370 nm.
Nevertheless, the UV absorption maxima of such materials are highly
dependent of the solvent used, as L.-L. Deng and collaborator showed [28].
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Even though the general optical absorption decreases, the spectral
domain covered by P3HT:PCs1BM:Chl-a (1:1:10, wt.%) thin film has been
significantly enlarged from 350 to 700 nm, merging the maxima of all
constitutive. Moreover, the position of peaks is slightly shifted for the
ternary compound, proving that no chemical interaction took place, though
efficient charge transfer between polymer chains and fullerene molecules
was mentioned [29,30].

The I-V characteristics of fabricated devices, drawn in AM 1.5
conditions, are show in Figure 4, while the calculated values of specific
parameters are summarized in Table 3.
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Fig. 4 — I-V characteristic of fabricated photovoltaic devices, obtained in AM 1.5

conditions, together with the maximum power density [19,20].
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Table 3. Short-circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF), and
external quantum efficiency (EQE) of prepared structures, calculated from I-V
characteristics in the fourth quadrant (AM 1.5 conditions). All measurements were
performed at room temperature.

Structure Jsc Voc FF EQE
(HA/cm?) (V) (%) (%)
glass/ITO/PEDOT:PSS/P3HT:PCs1BM (1:1, 631 0.54 25 18
wt.%)/Al
glass/ITO/PEDOT:PSS/P3HT:PCs1BM:Chl-a 2.2 0.44 19 15

(1:1:10, wt.%)/Al

glass/ITO/PEDOT:PSS/Chl-a/P3HT:PCe1BM  (1:1, 0.5 0.54 23 21
wt.%)/Al

glass/ITO/PEDOT:PSS:Chl- 1.4 0.50 19 35
a(4:1,wt.%)/P3HT:PCe1BM(1:1, wt.%)/LiF/Al
glass/ITO/PEDOT:PSS/P3HT:PCs1BM:Chl-a (1:1:1, 0.5 0.60 18 16
wt.%)/LiF/Al

glass/ITO/Chl-a/PEDOT:PSS/P3HT:PCe1BM  (1:1, 1.4 0.30 13 18
wt.%)/LiF/Al

For glass/ITO/PEDOT:PSS/Chl-a/P3HT:PCs1BM (1:1, wt.%)/Al
sample it is clear that the match of energy levels are not appropriate to
facilitate the holes collection to anode, although the values of V,., FF and
EQE are not very low as comparing with those of
glass/ITO:PEDOT:PSS/P3HT:PCs1BM (1:1, wt.%)/Al conventional devices.
More convenient is a tailored HSL such as Chl-a/PEDOT:PSS and this was
proved by the almost three times higher value obtained for Js. In the case
of architectures based on P3HT:PC¢1BM:Chl-a (1:1:10, wt.%) and
P3HT:PCs1BM:Chl-a (1:1:1, wt.%) active layers, the electrical results
indicate that the early crystallization process observed by both AFM images
and SEM micrographs improved the percolation paths of charge carriers’
transport, so the short-circuit current density was fourth times higher in
the case of the first one. Nevertheless, in this paper only two weight ratios
of Chl-a amountblend in the active layer were discussed but further studies
are required in order to fully understand the physical processes involved.
A HSL as PEDOT:PSS:Chl-a (4:1, wt.%) seems to be suitable to decrease the
energetic barrier between the active layer and front contact, assuring a
better collection of holes, fact proved by the determined EQE value, almost
double the other prepared devices. In the case of these materials, the usage
of a mixture of two components with same type electrical conductivity
leaded to better results than a bi-layer architecture of them, despite the fact
that no chemical interaction took place. In this situation, we assume that
the annealing performed after the deposition of the mixture has the same
effect as for the P3HT:PCs:BM:Chl-a (1:1:10, wt.%) active layer. By using
Chl-a/PEDOT:PSS as HSL, an additional energetic barrier is built and the
holes collection is facilitate, but the overall performances are decreased
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because the series resistance of the photovoltaic structures becomes larger.
Chose of the specific weight ratio between PEDOT:PSS and Chl-a was
established by taking into account electrical and photo-electrical results for
different situations, e.g. (3:2), (2:3 and (1:4) (not shown here).

Conclusions

Bulk-heterojunction photovoltaic structures based on P3HT, PC¢1:BM and
Chl-a were fabricated by spin-coating in ambient atmosphere, taking into
account different configurations. Exploiting the advantage that LUMO of
Chl-a is matching with LUMO of P3HT and HOMO of Chl-a with HOMO of
PEDOT:PSS we tailored both the active layer and the HSL. In the case of
active layer, two weight ratios of Chl-a amount were blended with
P3HT:PCs1BM (1:1, wt.%), namely 1 wt% and 10 wt.%. Both, the AFM
images and SEM micrographs show that an early crystallization process
took place after annealing at 110°C (30 min) for P3HT:PC¢1BM:Chl-a
(1:1:10, wt.%), improving the percolation path of charge carriers’
transport. The photo-electrical measurements confirmed this feature by an
increase of Jsc more than fourth times compared with the similar structure
glass/ITO/PEDOT:PSS/P3HT:PCs1:BM:Chl-a (1:1:1, wt.%)/LiF/Al. The
overall photovoltaic performances proved a customized HSL such as
PEDOT:PSS:Chl-a (4:1) is more efficient than a bi-layer architecture of Chl-
a/PEDOT:PSS, despite the fact that no chemical interaction takes place
between the components. A configuration as Chl-a/PEDOT:PSS introduces
one a hand an additional energetic barrier that increases the series
resistance of the fabricated devices and reducing the V.. and one the other
hand increase the defect state at the interface then increasing the
recombination processes, and decreasing the photocurrent. By this study,
we demonstrated that the presence of Chl-a in the configuration of the
active layer enlarges the spectral domain from 350 to 700 nm, covering all
the specific peaks of the component materials, while, if optimization is
made, used in the architecture of HSL improves the photo-electrical
behavior of the prepared photovoltaic devices.
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Abstract. We present a theoretical study about the transformation of a
nondiverging Bessel beam with phase singularity n, which is transversally
truncated by a circular aperture, in the process of diffraction by the spiral
phase plate with integer topological charge p. The diffracted wave field is
described by the derived expressions for its amplitude and intensity
distributions, followed by the expressions for the vortex radius and
propagation interval.

1. Introduction

Durnin has discovered that the Helmholtz equation has a class of
“diffraction-free mode solutions”-they are beams whose transverse
intensity profiles are remarkably resistant to the diffractive spreading
[1,2,3]; because of this they can be also called the nonspreading or
nondiverging beams. The simplest of them is the beam described by the
Bessel function of the first kind and zeroth order, named the zeroth-order
Bessel beam (BB), whose central core is bright and is surrounded by
successive dark and bright rings, and it doesn’t possess a screw (vortex)
phase singularity [1]. The high-order Bessel beams (described by high-
order Bessel functions) have dark core along their propagation axes (with
zero intensity), surrounded by successive bright and dark rings. They can
possess vortex phase singularity (i.e. optical vortex) on the optical axis and
helicoidal wavefronts, which characterize them as vortex beams.

Mathematically the Bessel beam can contain an infinite number of rings,
meaning that over an infinite area it would carry infinite power. However,
as Durnin and his coworkers showed in [2] an approximation to a Bessel
beam (a quasi-Bessel beam) can be made practically. A zeroth-order BB
beam was generated by illuminating an annular slit, placed in the focal
plane of a lens, with a collimated beam [2], by using a conical lens (axicon)
[4], or, by means of holographic elements having transmission function of
axicon type t(r)=exp[-i2ar/r,], where ris the radial coordinate and ro is a

constant [5]. By multiplying the axicon transmission function with a
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complex, azimuthally varying factor exp(ip(p), and drawing the system of

lines of maximum phase, a binary amplitude grating was achieved; its
photo-reduced version was used in experiment for producing a high-order
Bessel beam (when p=0) [6].

The phase function exp(ipgo) is the transmission function of the optical

element named the spiral phase plate (SPP), whose phase increases along
the azimuthal coordinate ¢, p times from 0 to 2; p is integer showing the
phase singularity order or the value of the topological charge (TC). SPP is
well known optical element which transforms the Gaussian beam into an
output vortex beam [7, 8, 9].

In the work of J. Arlt and K. Dholakia [10], an axicon was illuminated by a
Laguerre-Gaussian beam with topological charge /, and a high-order Bessel
beam with same TC I was observed in a defined propagation interval. In
[11] a method for generating nondiverging vortex Bessel beam when a
Laguerre-Gaussian beam with azimuthal mode number n and zeroth radial
mode number illuminates a helical axicon placed in the plane of the beam
waist, is presented. The helical axicon [12] is a hybrid optical element
consisted of an axicon and spiral phase plate (SPP). In [11] it is shown that
the incident beam TC can be increased or reduced by the value of the helical
axicon TC, or it can be annulled.

Here we theoretically study the transformation of a nondiverging Bessel
beam with phase singularity n, which is transversally truncated by a
circular aperture, in the process of diffraction by the SPP with integer
topological charge p. Analytical expressions describing the diffracted wave-
field amplitude and intensity distributions are derived and analyzed. They
are followed by definitions of expressions for the vortex radius and for the
propagation interval of the diffracted nondiverging beam. Also, a formula
for the diffracted wave field is given, when the incident BB is not obstructed
by the circular aperture.

2. Definition of the SPP transmission function and the incident beam
The transmission function of the spiral phase plate is written as

T(r.¢)=exp(tipp) (1)

where p is the value of its TC. The TC can be positive or negative (+ p),

depending on the direction of rotation of the helicoidal phase (whether it is
clockwise or counter-clockwise oriented).
The transverse amplitude profile of the incident nondiverging beam is

described by a Bessel function of the first kind and |n| th order (nisinteger),
J,(kar), where ris radial coordinate, k =27/ A is wave number (with 1
being the light wavelength) and ke, is the radial component of the wave
vector. The beam is truncated in the transversal plane with a circular
aperture of radius R and this is described with the function
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o (r 1 forr<R ) . .
cirg — |= . . Thus, in the plane with polar coordinates (r, (p), at
R 0, otherwise

distance ¢ the incident beam wave amplitude can be written as
. (r .
U(r.p.¢)= c.r{EjA@) expl-ik¢)J, (ker Jexpng).
(2)

For n=0 the beam Eq. (2) does not have a phase singularity, whereas, for
n=0 it possesses a phase singularity of |n| th order and its optical axis is

dark. We will consider n with positive value.

In [11] where the transformation of a Laguerre-Gaussian beam with zeroth
radial mode number and azimuthal mode number n, into a nondiverging
vortex Bessel beam (as that given by Eq.(2)) by using the helical axicon with
TC p, is studied, the parameter «, is: o, =(n'-1)y, with n’ denoting the
axicon refractive index and y being the axicon base angle. The diffracted
beam has TC equal to n+p. One should point out that the incident beam
waist is in the axicon base plane. As special case of incident beam of mode
(n=0,I=0) i.e. Gaussian mode on the helical axicon, the output Bessel beam
will have same TC as that of the helical axicon. If only the axicon is present,
then the Gaussian beam transforms into zeroth-order BB (within given
propagation interval and in paraxial approximation). Then, the function
A({) appearing in Eq. (2) as aperture function will be:

\/E 1/2 2
A(Q) o V2o exp{— C—z} exp(ikagg“ / 2) (where w, is the
Wy / ) (W, / )
Gaussian beam waist radius).
3. The diffracted wave field amplitude and intensity

In the observation screen H( .0, Z) situated a distance (Z —4’) from the

diffractive optical element plane, the wave field in the point (,0, 0, Z) can be
calculated starting from the Fresnel-Kirchhoff integral [13]

U(pﬂ,z)—zn(ikg)exp{— ik{(z —0)+ Z(ij C)H

xﬁT(r,(o)J (r,go,()exp{-i;(zr_:w—zrpczoi(?mﬂ rdr de. 3)

After the transmission function and the incident beam are involved in Eq.
(3), the integration over the azimuthal variable has been performed by
using the Jacoby-Anger identity for Bessel function [14]:
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exp ia cosb ZI J eXp Isb and the Dirac delta function definition:

S=—00

2

J.exp[i pla—b)de = 276, p, - Thus, the diffracted wave field amplitude Eq.
0

(3) can be written in the form

0(00:)- 20212 sl o120,
(4)

where the integral over the radial variable is denoted as

o o5

(5)
In order to solve the integral Eq. (5) we will apply the trigonometric
approximation for the Bessel function J, (ka,r) when its argument has big

value, which, except for r =0, is justified because of the presence of the
wavelength in the denominator of the argument [15]

J, (X))~ \/icos[x— (2v +l)7r/4]: ‘/Zliﬂx{exp{i(x— (2v +1)Zﬂ +exp{— i(x —(2v +1)Zﬂ}

: (6)

for the values: v=n, Xx=Kqgr. Then Eq. (5) transforms into
-1 i feird = kor _ 12
Y(p,z)—mm{ exp[ |(2n+1)7r/4]£C|rc(RjJn+p[z_§]exp[ |k[ =0 aorﬂr dr

+expli(2n +1)7r/4]Tciro(F:]Jn+p[:€2]exp{_ k(z( r? — +aorﬂr1/zdr } @
0

Both of the integrals appearing in the previous equation,

ko r 2
Y., —J.CII’C( ij |- il exp| — ik| — Fayr | |r2dr, are solved by
Nz-¢ 2(z-¢)

using the stationary phase method [13,16]. Namely, each of the integrals in

Eq.(7)isof typeY'= I f (r)exp|—iku(r)|dr , and according to this method, its
0
solution can be evaluated around the critical point r, (which contributes

f (1, Jexp[—iku(r, )]
k' (r, )]

critical pointis obtained when the first derivative of the function u(r) is set

. The value of the

mostly in the diffraction integral) asY '~

tozeroi.e. ,u'(r) =0, while ,u"(rc) denotes the value of the second derivative

at the critical point.
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For both of the integrals Y, and Y, the function f{r) is same

_rregied T kor . .
f(r)=r"*cir R J‘mp‘ 3k However, they have different functions
sol| 5

2 2

1) pa(0) = 5o = aor and () =5

this their stationary points are different: (r,);=0(z—¢) and

+a,r, and because of

(r.), =—0p(z—¢). After evaluating these integrals around the respective
stationary points, Eq. (7) gets the form

Y= (z-¢) eXpl:ikaozéz = g):“]nm(kaop)

k2r
x{cir{ 2=¢ ]exp[—i(Zn nn i(—l)‘"i”‘cir{—i]exp[i(Zn +1)7z'/4]}. ®
R/a, Rla,

Finally, when the previous equation (8) is involved in Eq. (4) the diffracted
wave field amplitude is obtained as

. 2 2
U(p,0, z)=\/;7A(g)exp{—ik[z +2(Z’D_§)—0‘°(;_§)Hexp[i(n+ p)o +712)]

« . z-¢ s A LT s z—¢ i
Jnip(kaop){cw{(R/%)Jexp[ i(2n+1)7/4]+i(-1) "cm{ (R/ao)jexp[l(Zn+1);r/4]}(9)

The second term in the sum into the bracket in Eq. (9) denotes the virtual
beam propagating in the negative direction of the z axis, and will not be
considered further; so, the wavefield of the real diffracted beam in Eq. (9)
has amplitude

U(p,H,z):iA(g)exp{—ik[z+ r’ —ag(z_g)j}exp[—i(2n+1)7r/4]

V2r 2(z-¢) 2
xexp{i(ni p)(6+%Hcir{ﬁ}]‘nip‘(kaop) 10)
The output beam, Eq. (10), is Bessel beam, nondiverging within the
R
propagation interval [¢,(z—¢) ), Where(z—¢) = — = . Ctis
a, (n-1)y

also a vortex beam with central dark core, except for the case when
n—p=0 is satisfied (then the beam will be chargeless and with central

bright core). The topological charge of the diffracted beam can be increased
(when both the incident BB and the SPP have same in sign TCs) or reduced
(when the TC of the incident beam is with opposite sign than that of the
SPP) compared to that of the incident beam, or equal to zero (when the BB
and the SPP have same in value but opposite in sign TCs). The wave field

intensity calculated as 1(,6,2)c|U(p,0,2)" is given by
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|(p,9,z):—|A(§)| cir R/ g)Jwap(kaop)

(10a)
When the condition n-p=0 is met, than the output beam is described by
the zeroth-order Bessel function and has the following amplitude and
intensity

U(p,0,2)= A(g)exp[—ik[ﬁ ik —aoz(z_g)ﬂexp[ |(2n+1);r/4]¢|rc( g)JJ (kepp)

Vor 2(z-¢) 2 R/
, (11)
10.0,2)= - ) ird 2 )
(11a)

The vortex radius (defined as the radial position of the maximum intensity
in the first bright ring surrounding the vortex core from the beam centre)
is found from the intensity distribution, Eq. (10a), as

Prax = jnip,l /(kao), (12)
where .., are the values of the Bessel function argument for which the
first derivatives define their first maxima. So, they are found as roots of the
equations‘\]‘nipm(kaopx npl 1(ka0p1

In case the output beam is with bright-axis, the radius of its central bright
spot is defined by the position of the first minimum value of the Bessel
function (i.e. the position of the first dark ring surrounding the central
bright spot) from the beam centre

p, =241(ka, ). (13)
In Fig. 1 we present the radial (left side) and transverse (right side)
intensity profiles of the diffracted beam for n=1, p=1 (a), n=2, p=1 (b), n=2,
p=-1 (c), n=2, p=-2 (d) and n=1, p=3 (e). They are calculated for the
following parameters: n'=1,48 (for 2 =980nm)and » =135° =0,024rad
ie. ay=(n"-1)y=0,012rad, at distance (z—¢)=10cm. With r., and r,
the radii of the vortex and of the central bright spot are denoted,
respectively. When the TC n of the incident beam is increased, the TC of the
output beam (n+p) is increased, which implies the increment of the vortex
radius, also - this can been seen from Fig. 1 (a) and (b). The vortex radius
can be increased in other way when increasing the TC of the SPP (compare
Fig. 1 (a) and (e)). When the SPP has TC with smaller modulus and opposite
sign compared to that of the incident beam, then the vortex radius of the
diffracted beam is decreased due to the decrement of its TC - Fig. 1 (c).
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Finally, when p=-n, then one obtains a zeroth-order Bessel beam, shown in
Fig. 1 (d).

In Fig. 2 we present the radial intensity distributions, calculated at distance
(z—¢)=10cm, for twice bigger value of the parameter a,=0,024rad (
y =0,048rad) than in Fig. 1, and for two different TCs of the incident BB
and SPP: n=1, p=1 (a) and n=2, p=-2 (b). By making comparison of Fig. 1 (a)
with Fig. 2 (a), and Fig. 1 (d) with Fig. 2 (b), one can conclude that the vortex

radius is decreasing when increasing the value of the parameter % so does
the radius of the central bright spot for the chargeless beam. Also, in the
same radial interval there are more bright and dark rings when the
parameter % js bigger.

1(a.u) 0

I(a.u)

F{mm)
02

-02  -01 0.0 0.1 0.2

a) n=1,p=1(r, =0,04mm) b) n=2, p=1(r,, =0,058mm)
Hn..'(aAu) :
: r(mm(; ' : " r(mrrS _
) n=2,p=-1 (I, =0025mm)  d)n=2,p=-2 (1, =0,033mm)

I (a.u)

" (mm.]

02 -0.1 0.0 0.1 0.2

e) n=1’ p=3 (rmax :0,07 mm)

Fig. 1. Radial intensity distributions for o, =0.012rad and: n=1, p=1 (a),
n=2, p=1 (b), n=2, p=-1 (c), n=2, p=-2 (d) and n=1, p=3 (e).
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7 (mm) N - (mrr;i

a) n=1,p=1, oy =0.024rad ( b) n=2,p=-2, o, =0.024rad (
Iex =0,02mm) I, =0,016mm)

Fig. 2. Radial intensity distributions for ay =0.024rad

n=2, p=-2 (b).

and: n=1,p=1 (a) and

In our previous work [17] the diffraction of non-obstructed Bessel beam by
a fork-shaped grating is studied. It is well known that the field in the first
diffraction orders of the fork-shaped grating is same to the diffracted field
behind the SPP. Thus, if the BB was not obstructed by circular aperture,
then behind the SPP the diffracted beam will have same amplitude as that
in the first diffraction orders in [17]

R F s I [ O e e 52

2 1T(s+n+1% plz)[—kcz(z—g) ) o ; P
s T(s+n+1) | 2 2R =S, (n+s),nip+1,cz(z_§)2 (14)

4

where I'(...) is Gamma function and , F, (a, b; f ;d) is the Gaussian

hypergeometric function. One can see that this expression is more
complicated than Eq. (10).

4. Conclusion

In this work we theoretically studied the transformation of the
nondiverging Bessel beam (with or without phase singularity), which is
transversally obstructed by a circular aperture, in the process of diffraction
by the spiral phase plate with integer topological charge p.The expressions
for the wave field amplitude and intensity are calculated by using the
method of stationary phase. The output beam is Bessel beam with TC equal
to the algebraic sum of the TCs of the incident beam and of the SPP. When
the incident BB and the SPP have same in value but opposite in sign TCs,
the output beam is chargeless, zeroth-order BB.
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Further, expression for the propagation interval of the diffracted beam is
obtained, as well as the expressions for the radii of the vortex (if the beam
is high-order BB) and of the central bright spot (if the beam is zeroth-order
BB). The intensity profiles for different values of the TCs of the incident
beam and the SPP are numerically calculated. The analysis of the radial

intensity distributions for two different values of the parameter %o (which
isinvolved in the argument of the incident BB), show that by increasing this
parameter one can achieve the narrower dark vortex spot (for high-order
BB) and narrower bright spot (for zeroth-order BB).

The very small particles (having diameter of micrometer or smaller) with
lower refractive index than that of the surrounding medium can be caught
in the dark regions between the bright rings, while the particles with higher
refractive index than that of the surrounding medium are caught in the
bright rings. The Bessel beam with phase singularity possesses orbital
angular momentum, which can be transferred to the trapped particles in
optical tweezers experiments. In the dark core of the high-order BB atoms
can be trapped and transported an extended distance without transverse
spreading. Also, the BBs have applications in industry for precise machine
cutting and fabrication of 3D structures using multiphoton polymerization,
then in optical communications, statistical physics (for studying how
particles with inherent Brownian motion act in external potential) and
many others [18, 19].

References

[1]]. Durnin, “Exact solutions for nondiffracting beams. I. The scalar theory”, ]. Opt.
Soc.Am. A4 (1987) 651-654.

[2]]. Durnin, ]. ]. Micelj, Jr. and . H. Eberly, “Diffraction-free beams”, Phys. Rev. Lett.
58 (1987) 1499- 1501.

[3]]- Durnin, J. J. Miceli and ]. H. Eberly, Reply, Phys. Rev. Lett. 66 (1991) 838.

[4] R. M. Herman and T. A. Wiggins, “Production and uses of diffractionless beams”,
J. Opt. Soc. Am. A 8 (1991) 932-942.

[5] J. Turunen, A. Vasara and A. T. Friberg, “Holographic generation of diffraction-
free beams*“, Appl. Opt. 27 (1988) 3959-3962.

[6] A. Vasara, J. Turunen and A. T. Friberg, “Realization of general nondiffracting
beams with computer-generated holograms”, J. Opt. Soc. Am. A 6 (1989) 1748-
1754.

[7] S. N. Khonina, V. V. Kotlyar, M. V. Shinkaryev, V. A. Soifer and G. V. Uspleniev,
“The phase rotor filter”, ]. Mod. Opt. 39 (1992) 1147-1154.

[8] M. W. Beijersbergen, R. P. C. Coerwinkel, M. Kristensen and ]. P. Woerdman,
“Helical-wavefront laser beams produced with a spiral phaseplate”, Opt. Commun.
112 (1994) 321-327.

[9] V. V. Kotlyar, A. A. Almazov, S. N. Khonina, V. A. Soifer, H. Elfstrom and J.
Turunen, “Generation of phase singularity through diffracting a plane or
Gaussian beam by a spiral phase plate”, ]. Opt. Soc.  Am. A 22 (2005) 849-861.
[10] J. Arlt and K. Dholakia, “Generation of high-order Bessel beams by use of an
axicon”, Opt. Comm. 177 (2000) 297-301.

32



[11] S. Topuzoski and Lj. Janicijevic, “Conversion of high order Laguerre-Gaussian
beams into Bessel beams of increased, reduced or zero-th order by use of a helical
axicon”, Opt. Commun. 282 (2009) 3426-3432.

[12] S. N. Khonina, V. V. Kotlyar, V. A. Soifer, M. V. Shinkaryev and G. V. Uspleniev,
“Trochoson,” Opt. Commun. 91 (1992) 158-162.

[13] M. Born, and E. Wolf, Principles of Optics (Cambridge, University Press, 1999).
[14] H. Bateman and A. Erdelyi, Higher Transcendental Functions Il (Nauka,
Moscow, 1974).

[15] M. Abramowitz and I. A. Stegun, Handbook of Mathematical Functions (Dover,
New York, 1964).

[16] C. Paterson and R. Smith, “Higher-order Bessel waves produced by axicon-
type computer-generated holograms”, Opt. Commun. 124 (1996) 121-130.
[17] Lj. Janicijevic and S. Topuzoski, “Diffraction of nondiverging Bessel beams by
fork-shaped and rectilinear grating”, in Proceedings of the Sixth International
Conference of the Balkan Physical Union (American Institute of Physics, Vol. 899,

2007) 333-334.

[18] D. McGloin and K. Dholakia, “Bessel beams: diffraction in a new light”,
Contemp. Phys. 46 (2005)  15-28.

[19] M. Duocastella and C. B. Arnold, “Bessel and annular beams for materials
processing”, Laser Photonics Rev. 6 (2012) 607-621.

33



An overview on local structure and magnetism of Fe-C
nanocomposites

S.G. Greculeasa?, F. Dumitrache?, I. I. Lungu?, N.lacob?, V. Kuncser?!

1 National Institute of Materials Physics, Atomistilor 4054, 077125,
Magurele, Ilfov, Romania
2 National Institute for Laser, Plasma and Radiation Physics, P.0. Box MG-36,
077125, Magurele, Romania
Corresponding author: kuncser@infim.ro

Abstract

Core-shell iron-based nanoparticles have a great attraction in biomedicine,
sensors, catalysis etc. due to outstanding structural and magnetic
properties. This review presents an updated outlook on the local
configurations and magnetic properties of novel Fe-C composite core-shell
nanoparticles. The specificities of a large number of preparation and
processing techniques were addressed, but main results were presented on
those systems prepared by laser pyrolysis. Obstacles in obtaining a good
control of magnetic properties, such as oxide phases, very broad size
distributions, phase intermixing at the core-shell interface, or insufficient
relative Fe content were brought to spotlight and ways to surmount them
were proposed. Magnetic relaxation phenomena specific to these types of
small complex nanoparticulate systems were approached.

Keywords: core-shell, local configurations, magnetic relaxation, interface,
Mdssbauer spectroscopy, magnetometry

1. Introduction

Core-shell iron based magnetic nanoparticles are exceptional
nanostructures with important size induced effects, e.g. with tunable
coercivity with respect to bulk, as well as with superparamagnetic
behaviour for reduced particle sizes. Therefore, they are attracting much
interest in advanced applications: biomedicine such as MRI or
hyperthermia or cytotoxicity tests [1-5], catalysis [6,7], microwave
absorption [8-10], magnetic separation of biomolecules [11], magneto-
optical devices, magnetic recording systems, sensors, ion batteries [12],
hydrogen storage, carbon nanotube grow [13], water treatment [14].
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However, nanoparticles of metallic Fe have low stability in air,
water, acid or base environment or at high temperatures due to oxidation,
agglomeration and corrosion, causing a high impact on magnetic properties
and limiting their advantages. To note the importance of preserving the
metallic character of the particles due to the corresponding increased
magnetization with respect to the oxide counterparts. In this regard,
protective shells (organic coatings or inorganic layers) are a viable
approach to chemically stabilize the Fe nanoparticles from oxidation,
thermal or temporary degradation. Carbon or carbon-based phases [15-
17], carbon and organic matrix such as polyaniline [18], polypyrrole [8] and
polystyrene [19], oxides as silica [20], metals with low oxidation degree
such as Au [21] can be used as protective shells. Generally, core-shells
nanoparticles are considerably improved in many regards relative to the
corresponding single components but care has to be paid to the
optimization of the shell in order to preserve the magnetic properties of the
nanoparticles (thicker shells will reduce the magnetization of the overall
system whereas thinner shells might not be effective against oxidation). By
using carbon as a protective shell it becomes possible not only to prevent
oxidation but also to improve the anti-agglomeration behaviour of the
nanoparticles because of the magnetic coupling reduction. Compared to
organic matrix, oxides or metals, carbon layers have better chemical and
thermal stability, conductivity, electrocatalytic activity = and
biocompatibility, lower density, favour chemical functionalization, are
abundant and cost-effective (especially when compared to noble metals).

In this review, a few advanced preparation methods will be
presented, along with the corresponding specific geometries of the
obtained nanostructures with a main focus on nanoparticulate Fe-C
systems obtained by laser pyrolysis. Main issues related to such Fe-C
nanoparticles will be addressed, especially the presence of unwanted oxide
phases and phase mixture at the core-shell interface. Tools to improve
magnetic properties, as well as aspects regarding magnetic relaxation
phenomena in Fe-C nanosystems obtained by laser pyrolysis are detailed.

2. Preparation and processing of Fe-C composite nanostructures

The production of Fe-based magnetic nanoparticles encapsulated by
carbon is performed by complex processes and special precursors are
required. This procedure is challenging due to the highest saturation
magnetization of Fe among all the other magnetic materials. The most used
processing methods for achieving this aim are: arc discharge, pulsed
plasma discharge, carbon arc route, hydrothermal route, radio frequency
thermal plasma reaction method, template reduction, solution combustion
synthesis, chemical vapor deposition, reduction and carbonization,
simultaneous reduction/pyrolysis, laser pyrolysis.
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The simple and cost-effective arc discharge method was used to
prepare carbon-coated iron nanoparticles of spherical shape and sizes in
the 40-55 nm range (graphitic shells of 20-30 nm) [22,23], as well as in the
4-45 nm range [24,25]. Fe-C nanoparticles obtained by pulsed plasma
discharge in a liquid [4] showed low cytotoxicity. Further on, Fe-C
nanocapsules prepared by arc discharge were embedded in polypyrrole-
paraffin (see figure 1) by in situ oxidative polymerization method [8], with
superior microwave absorption properties. Fe-C nanoparticles prepared
by carbon arc route showed good cytotoxic results [2].

composites (b). Reprinted (adapted) with permission from [8]. Copyright
© 2016 American Chemical Society.

The hydrothermal route followed by an annealing temperature in
argon at temperatures between 400 and 600°C [26] was used to prepare
composites of magnetite nanoparticles and carbon nanocapsules (Fez0s-
CNCs), y-Fe203-CNCs, and Fe-C nanostructures. At the highest annealing
temperature (see figure 2), the oxidation is completely removed. The
hydrothermal method was followed by a thermal reduction process also in
[27]. Oxides were successfully removed by annealing in a mixture gas of
hydrogen and argon at 550°C. Moreover, in order to remove the non-
encapsulated Fe nanoparticles and to improve dispersion, acid treatment
was applied. However, the magnetic properties were considerably
damaged. In other study [28], acid treatment was used to generate
carboxylic groups on the graphite shell for further functionalization, but
increase of defects was detected, which is expected to alter magnetic
properties. The stabilization in aqueous suspensions of Fe nanoparticles
encapsulated in C (coated with polyvinyl-alcohol) was succeeded by
Aguilo-Aguayo et al. [1] using a modified arc-discharge plasma method.
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$
Figure 2. TEM images of Fe-C nanostructures and hollow CNCs. Reprinted

(adapted) with permission from [26]. Copyright 2011 American Chemical
Society.

Iron nanoparticles encapsulated in C were prepared by
Bystrzejewski et al. by a flow-through radio frequency thermal plasma
reaction method [29]. A purification process (based on HCI and ethanol)
was necessary to remove Fe nanoparticles not encapsulated (which would
modify the magnetic properties) and small Fe-C nanostructures were
obtained (although having a broad diameter distribution between 10 and
100 nm).

Composites of Fe/Fe;C-C were also obtained by a green template
reduction method [12], using a-FeOOH templates, glucose and urea
(reducing and chelating agents), annealed at 800°C. A template free method
was used to prepare mesoporous structures of graphite encapsulated iron
based nanostructures (Fe;C/Fe nanosheet composites), called solution
combustion synthesis [7]. Starting materials were dissolved in deionized
water and carbonized in Ar at moderate and high temperatures. The Fe
based nanostructures encapsulated in C were successfully prepared
without templates.

Radio frequency-catalytic chemical vapor deposition was used to
prepare Fe-C core shell nanostructures (and other elements) [3], followed
by annealing in H; atmosphere up to 800°C and acid treatment.

Magnetic nanoparticles (Fe and Fe304) in a carbon matrix were
prepared by reduction/pyrolysis of Fe3+ dispersed in sucrose [30].
Basically, Fe3+ ions were impregnated in sucrose, followed by pyrolysis at
temperatures in the range 400 - 800°C. Fe-C core shell particles assembled
in nanocubes were prepared by the hydrothermal method and pyrolysed
in N2 [10].
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technique

Remarkable results were obtained using a preparation method
called laser pyrolysis that combines the fast heating of gas phase processes
with the sudden quenching of reaction products. It is a one step synthesis
method that allows the control of structural and magnetic properties by
carefully tuning the preparation parameters. In order to prepare C coated
Fe core-shell nanoparticles, precursors such as iron pentacarbonyl vapors,
as iron donor, and an ethylene/acetylene mixture [31,32] as carbon source
are introduced in a flow reactor through a central nozzle system with three
concentric tubes (see figure 3). The reactive mixture flows are confined
using an Ar flow (from 1500 to 2500 sccm) emerging through the external
tubes. A secondary Ar flow (300sccm) was admitted from the nozzles
placed near by both IR-windows in order to avoid some particle deposition
on them A CO; laser beam with 100W nominal power is focused on the
reaction area generating a pyrolytic flame. The structural and magnetic
properties of the Fe-C nanocomposites can be improved by optimizing the
initial parameters of the preparation, such as the nozzle diameter
controlling the gas flow [15,17] and the precursor type and content
[15,16,31]. Mean particle size, Fe/C ratio and saturation magnetization
increase with nozzle diameter [17]. In [16], the C;H; content in the
CzH2/C2H4 carbon source mixture was optimized at 50% to balance an
increased Fe content and the protective behaviour of the C shell.

3. Tuning magnetic properties

The magnetic properties of Fe-C nanostructures depend strongly on the
size of the nanoparticles, iron content and phase composition, oxidation
state and quality of the core-shell interface. All these parameters can be
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controlled either by specific parameters of the laser pyrolysis or of
alternative methods, or by parameters of further processing procedures as
well, one of the most important being the temperature.

3.1. Size

One of the most imperative challenges in the design of magnetic properties
of Fe-C nanostructures is the ability to control their size, namely their size
distribution. In this respect, intensive efforts have been done to find
optimal processing parameters leading to a desired average size in
condition of an as much as narrower size distribution. The size of the
nanoparticles dictates the magnetic behaviour which can be at a given
temperature, either superparamagnetic or ferromagnetic (magnetic
frozen). The entire magnetic response of the nanoparticles of interest for
most applications is therefore imposed by these parameters. Depending on
the involved anisotropy, very small particles (with less than 10 nm for the
Fe core) may possess superparamagnetic behaviour [17]. More details on
superparamagnetism are given in section 5.

3.2. Oxidation

In order to achieve high saturation magnetization (Ms) of Fe-based
nanoparticles, valence state is important and the metallic character of the
core needs to be preserved. Even using a protective shell such as carbon,
issues related to the uncovered Fe nanoparticles (due to non-uniform
coverage) subject to oxidation and degradation still remain. Therefore,
oxidation is a serious concern since it considerably modifies the magnetic
performance. For example, metallic Fe-C nanostructures have presented
high M;s values, up to 90 emu/g, while values less than half were reported
for their oxide counterparts — composites of Fe304 / y-Fe203 and carbon
nanocapsules [26].

One of the few powerful techniques that can be used to precisely
discriminate between different Fe phases (always appearing in such
particulate Fe-C nanocomposites) is Mossbauer spectroscopy. Some
examples of Mdssbauer analysis of C coated Fe nanoparticles are found in
[17]. At room temperature, one of the reported samples was composed of
phases in which spectral components were completely collapsed due to
superparamagnetic relaxation of Fe oxides (see section 4). Other reported
samples (which was obtained within different conditions of pyrolysis)
contained both metallic (Fe and carbide) and oxidised Fe phases. This is
just a typical example proving that C encapsulation may succeed only
partially and oxidation can not be completely avoided. It is a challenging
matter of interest to find suitable tools to separate the Fe core-C shell
nanoparticles from their C matrix and Fe oxide counterpart.
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3.3. Fe-C interface and C/Fe ratio
The protective performances of carbon coatings depend on their structural
integrity. However, it is difficult to obtain a clear interface between the core
and the shell and carbide phases - mostly Fe3C but also other phases such
as Fe;sC; and FesC; [15-17;30] can be also formed. Even hybrid
nanostructures containing iron and carbon based might be subjected to
oxidation issues. The formation of Fe-C phases is affecting the protective
behaviour of the shells and the overall magnetic properties of the
structures.

Examples of Mdssbauer spectra of Fe-C nanocomposites containing
1% and 8%wt iron and obtained by sucrose pyrolysis at different
temperatures are shown in figure 4 [30]. The FesC phase is not formed at
temperatures lower than 800°C. The processing temperature needs to be
high enough to allow formation of the a-Fe phase, but lower to prevent Fe-
C intermixing. In this case, the optimal temperature for the sample
containing 8% iron is 600°C.

It was found that Fe is encapsulated preferentially at low C/Fe ratio
[29]. For higher carbon content, the encapsulation yield decreases. In the
Fe-C nanostructures, presented in figure 4 [30], the phase composition and
content are influenced considerably by the pyrolysis temperature and Fe
content. The processing temperature has a considerable impact on the Fe
valence, phase formation and, consequently, magnetism of the final
product. The materials processed at 400°C show no sign of metallic Fe, but
only oxides in magnetic and superparamagnetic states. When increasing
the processing temperature at 600°C, a-Fe starts to form in the sample of
higher Fe content. At 800°C the oxidation is considerably reduced in favour
of metallic Fe and carbide. High iron content encourages the formation of
metallic phases of magnetic character (Fe and FesC as well), especially at
higher pyrolysis temperature. In accordance with the local structure, there
is a monotonic correlation (linear in some cases [29]) between the iron
content and saturation magnetization values in Fe-C nanostructures.
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Figure 4 Room temperature Mossbauer spectra of Fe-C nanocomposites
containing 1% (left) and 8% (right) iron obtained after sucrose pyrolysis at
400, 600 and 800°C. Reprinted (adapted) with permission from [30].
Copyright Springer Science+Business Media B.V. 2011.

4. Preparation temperature and processing

Magnetic and morphological parameters of Fe-C nanoparticulate systems
obtained in different conditions are mentioned in Table 1. In the special
case of laser pyrolysis, the higher the temperature of the preparation
method or of the successive thermal annealing treatment, the higher the
saturation magnetization is obtained, as depicted in Table 1. However, post
processing such as acid treatment is very detrimental to the saturation
magnetization (as evidenced in figure 5) in favour of the coercivity.

Table 1 Magnetic parameters of Fe-C nanostructures for different

preparation and processing conditions
Preparation Fe NP size Mg
| T H
Sample method reatment (nm) (emu/g) . (Oe) | Source
TA in Hy-Ar,
550°C, 3h 10-20 47.3 75
Fe-C core-shell | hydrothermal TA in Hy-Ar, [6]
550°C, 3h; 10-20 0.015 639
HCI
hydrothermal, .
M TAin Al °
ESOPOTOUS | - 4 rbothermic inAr900°C, | 5 16.3 560 [9]
Fe/C ) 3h
reaction
Fe-C core-shell | arc discharge - 50 34.8 221 [23]

41




Preparation Fe NP size Ms
Sample method Treatment (nm) (emu/g) Hc: (Oe) | Source
Fe-C arc discharge TAin air 800°C, 6-40 85 397 [24]
nanocapsules 3.5h
TA in Hy, 800°C,
Fe-C core-shell RF-cCVD 3h; 7-15 10 [3]
HCI
hydrothermal,
pyrolysis in N3
Fe- -shell - —1 106-121 -44 10
e-C core-she (600°C, 650°C, 3-100 06 338-440 [10]
and 700°C)
Fe-C pulsed plasma in ; <7.9> 12 480 [4]
liquid
Laser pyrolysis
T= 635°C <3.9> 28.4
Lasf_r gzgflcys's - <5.7> 37.2 -
Fe-C core-shell Lase_r oyrolvsis [17]
= 665°C - <6.4> 58.9 54
Laser pyrolysis
e 6y5eC <10.5> 65.9 46

* TA = thermal annealing treatment
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Figure 5 The mass loss of the carbon-encapsulated Fe nanoparticles and

corresponding magnetic saturation after treatments under acidic
conditions. The Fe nanoparticles were treated at 120°C for 15 minutes.
Reprinted with permission from [28]. Copyright Springer
Science+Business Media B.V. 2009.
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5. Magnetic relaxation phenomena

The magnetization can be easily flipped by thermal fluctuations over the
anisotropy energy barrier of very small ferro/ferri-magnetic nanoparticles
which will enter in these conditions (enough higher temperature with
respect to the anisotropy) the so-called superparamagnetic regime. The
moments of the particles can fluctuate as the temperature increases, within
the Néel relaxation time, 7, given by:

T = Tgexp (liTVT) (D)
where 7y is the attempt time (characteristic of a material), K is the
anisotropy constant, V is the volume of the nanoparticle and kz is the
Boltzmann'’s constant.

The blocking temperature, Tp, is the temperature at which the
relaxation time matches the timescale of the measuring technique, 7;:

KV
Ty = kBln(TM/ro) (2)

Below Tp the particles are called to be in a blocked state, while
above Tjp the particles are fluctuating. Size is very influential and particles
having a broad size distribution will be blocked at different Ts. The blocking
temperature is also highly dependent on the measuring method. Magnetic
relaxation phenomena can be evidenced in magnetic measurements,
temperature dependent Mossbauer spectroscopy measurements, as well as
neutron scattering and muon spin spectroscopy. In magnetic
measurements, Ts can be easily deduced from the zero-field-cooled field-
cooled procedure or from the coercive field dependence of temperature,
which  for  non-interacting  nanoparticles  approaching  the
superparamagnetic regime should respect the relationship:

He = (1~ ) 3)

where H; is the coercive field at 0 K (approximated with the coercive field
at the lowest temperature).

In Mossbauer spectroscopy measurements, in the regime of
collective excitations specific to temperatures much lowers than T, the

hyperfine magnetic field, Bx;, decreases by the following relation:

Bny = Bo (1-3%7) (4)
where By is the hyperfine magnetic field at the lowest temperature.

The anisotropy barrier energy KV can be obtained from eq. (4).
Further on, the average size of the nanoparticles can be deduced by
considering the anisotropy constant from magnetic measurements. The
blocking temperature specific to the Mdssbauer spectroscopy technique
may be easily obtained from eq. (2).

The Mossbauer spectra of very small Fe-C nanocomposites (few
nm) containing Fe oxides, Fe carbides and metallic Fe, were reported in
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[15]. The probability distribution of the magnetic hyperfine field is shown
on the right side of each corresponding spectrum. All three contributions
present a magnetic relaxation behavior. The outer sextet (highest hyperfine
magnetic field) collapses below 80 K, suggesting a blocking temperature
between 40 and 80 K. The temperature evolution of the hyperfine magnetic
field indicates a relaxation mechanism of collective excitations for Fe and
Fe carbide phases, while the steep decrease corresponding to the Fe oxide
is related to the superparamagnetic transition. A wide range of blocking
temperatures was derived from the magnetic measurements for the
investigated samples - between 390 and 670 K.
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Figure 6 Mdssbauer spectra of the sample A collected at 4.5 K (a), 25 K (b),
50 K (c), and RT (d).

Magnetic relaxation phenomena can be also evidenced in the
Mossbauer spectra of a Fe-C composite sample denoted as A (prepared by
laser pyrolysis), collected at temperatures from 4.5 K to room temperature
(RT), presented in figure 6. The spectra collected at low temperatures
present a relatively wide sextet pattern and are mainly fitted using the
probability distribution method. On the other hand, the spectrum collected
at room temperature shows narrower patterns and was fitted by a
superposition of discrete and distributed sub-spectra. The probability
distribution of hyperfine magnetic fields is shown on the right side of each
corresponding spectrum. The main hyperfine parameters (isomer shift, IS,
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quadrupole splitting, QS, and magnetic hyperfine field, Bur), as well as
relative area and phase composition, are given in Table 2.

The Mossbauer spectra at low temperatures (< 50 K) of sample A
(figure 6) are showing a main wide magnetic pattern attributed to iron
oxide phases (maghemite or magnetite, or mixtures in distorted
configuration). A secondary, less intense magnetic phase is assigned to iron
carbide, with an average hyperfine magnetic field of about 25.4 T and
isomer shift of 0.3 mm/s. To note that no traces of metallic Fe were
observed in the Mossbauer spectrum of low temperature, and therefore
iron carbide monophasic nanoparticles (with no Fe core/Fe-C shell) are
formed. At room temperature (RT), maghemite/magnetite phases are still
prevailing, corresponding to a well-formed crystalline sextet (S1), which
accounts for large size nanoparticles with a blocking temperature much
higher than room temperature. Also, a wide distribution of hyperfine
magnetic fields (S_DIST) with two maxima at 26 T and 45 T accounts for
maghemite/magnetite phases in distorted configurations of two different
average sizes. In addition, a paramagnetic doublet (D, having a contribution
of 27% to the spectrum) was considered, as belonging to Fe oxides in the
superparamagnetic relaxation regime specific to very fine nanoparticles.
Whereas all data concerning the Fe oxide nanoparticles support a very
large size distribution (e.g. trilobar like), the Fe carbide nanoparticles
presents a much narrower size distribution. At room temperature, the iron
carbide phase is precisely identified as cementite, Fe;C, with hyperfine
parameters in accordance with Ref. [33].

Table 2 Hyperfine parameters (isomer shift, IS, quadrupole splitting, QS,
magnetic hyperfine field, Bur) and spectral relative area (corresponding to
magnetite/maghemite and cementatite phases, as discussed in the text)
derived from the Mdssbauer spectra of sample A at various temperatures.

T(K) | Sublattice (m:i o (m?ns/s) Bur (T) | Ra (%)
4s S_DIST 0.31 0.03 51.2 92
S 0.3 0.04 25.4 8
25 S_DIST 0.37 0.03 50.6 91
S 0.3 0.04 25.3 9
50 S_DIST 0.4 0.03 49.3 90
S 0.3 0.03 25.2 10
S_DIST 0.37 -0.05 - 27
RT S1 0.33 0.02 50 35
S2 0.17 0.05 20.8 11
D 0.32 0.78 - 27

In figure 7 (left side), the evolution of the hyperfine magnetic field
values (averaged for distributions) of each magnetic contribution is shown.
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Also, the reduced hyperfine magnetic field values related to the hyperfine
magnetic field at the lowest temperature, are shown in figure 7 (right side).
Using eq. (4), the barrier energy KV can be obtained and the related values
are: 4 *10-20] (Fe3C) and 8.77 * 10-20 ] (y-Fe203 / Fe304).
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Figure 7 Temperature dependence of the average hyperfine magnetic field
(all magnetic contributions) (a) and of the reduced average hyperfine
magnetic field (Bne/Bo) (only Fe-C phases) (b).

6. Concluding remarks and outlook

In summary, we have reviewed recent progress regarding C covered Fe
nanoparticles, with use in various fields such as biomedicine, catalysis,
microwave devices and sensors. Recent progresses in the preparation and
processing techniques used for C encapsulated Fe nanoparticles are
discussed. Issues related to the oxidation problem, core-shell interface,
C/Fe ratio and control of magnetic properties are referred and methods to
overcome the challenges regarding the optimization of the magnetic
properties for different applications are proposed. Magnetic relaxation
phenomena are detailed in relation to several experimental techniques,
with the main focus on Fe-C nanoparticulate systems obtained by laser
pyrolysis. Future work on the core-shell Fe-based nanoparticles should
focus on controlling the size and composition of the nanoparticles in order
to obtain high magnetic performances.
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Abstract

This paper represents a very short introduction to hysteresis measurement
in magnetic hyperthermia. Efficient use of magnetic hyperthermia in
therapy demands knowledge of heating losses of the used material.
Commonly, losses are determined using calorimetric setup. Here we
present an overview of the setup and method based on measurement of
fundamental properties of the system in high frequency region.

Hyperthermia implies elevation of tissue or body temperature above
physiological limit [1]. Natural response of the body to infection, fever,
serves as a defensive mechanism which hinders multiplication of viruses
and bacteria. As is, the heat was recognized as powerful tool against illness
centuries ago. Nowadays, local or total hyperthermia is regularly used in
tumour therapy. Means of achieving hyperthermia differ widely - from hot
baths and saunas to ultrasound, radiofrequency and microwave heating [1-
3]. Conversion of externally applied field energy to heat often relies on
tissue absorption, e.g, through generation of eddy currents in
radiofrequency therapy. This approach, while common, has problems with
nonspecific heating of the healthy tissue around tumour. Implants can help,
either by focusing field in specified region, like antennas, or by acting
directly as local heaters. Using implants raises overall efficacy of the
method, but is often surgically demanding. Additionally, discrete
distribution of implants gives rise to large temperature gradients inside the
tissue [4].

Nanoparticles are regarded as promising replacement for bulky implants.
They are easy to administer directly to tumour tissue by syringe, and can
be localized at the targeted site only [4-7]. Homogenous distribution of
nanoparticles is still something to desire for, so the temperature gradients
have to be taken into account.

Magnetic hyperthermia relies on a fact that magnetic nanoparticles when
subjected to AC magnetic field emit heat [1,2]. The underlying mechanism
of this energy conversion depends on structural and magnetic properties
of the nanoparticles [8-11]. Presently, the majority of papers are focused
on iron oxide nanoparticles smaller than 30 nm - iron oxide because it's
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approved material for medical uses, and nanoparticles in the range from 15
to 30 nm because they are most efficient as heat generators [1,12-14]. This
type of nanoparticles dominantly heat by relaxation mechanism, either
because of thermally induced jumps of particles’ magnetic moment and, if
the particles are suspended in liquid, because of random rotation of
particles due to collision with molecules of the medium. Both of these
mechanisms can be understood as some kind of "friction" which cause lag
of the magnetization behind magnetic field and appearance of hysteresis
[15,16].

Heating efficiency of magnetic nanoparticle is commonly measured by
calorimetric type of setup [2,8,17]. Nanoparticle suspension is subjected to
AC magnetic field (frequency ~ 100 kHz, field amplitude ~ 10 mT) and
temperature of the suspension is measured (Figurel, left). Heating power
is proportional to the slope of the temperature curve, P « dT /dt (Figure 1,
right). [1,8,18]

BT

T()——

At
AT {

Figure 1. Left: Schematic representation of hyperthermia setup; Right:
Sample temperature time dependence and maximum slope

Additionally, heating power can be deduced from magnetic measurements
[19-21]. Any losses in the material subjected to cycling field cause
appearance of open M(H) loops, i.e. hysteresis (Figure 2) [22-24]. Area of
the loop is equal to the work done by the AC field during one cycle. Total
power loss can be then calculated as P = f § MdH, where f represents
magnetic field frequency [15,25].
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Figure 2. Dynamic hysteresis loop

Schematic presentation of the dynamic hysteresis measurement setup is
shown in Figure 3. For the purpose of the experiment, AC magnetic fields
with the frequency in the 100 kHz range and with field amplitude of several
tens of mT are required. In order to create such fields, high frequency
currents exceeding 100 A should be pumped through a field generating coil.
Common way of achieving this is by using some kind of resonant circuit. In
our lab-made magnetometer we are using parallel LC circuit. At the
resonant frequency it behaves as current amplifier, so a relatively low
current from linear amplifier maintains large current oscillating between
capacitor and coil. Different resonant frequencies are achieved using
different values of capacitance.

Detection of the magnetic sample response to external AC field is based on
the law of induction. Sample is mounted inside the detection coil and any
change of sample’s magnetization induces voltage in the detection coil. The
detection coil has a configuration of the first order gradiometer [26,27]. Is
consists of two equal spaced coils connected in series but wound in
opposite direction. External field induces opposite currents inside the two
coils which cancel each other. On the other hand, sample mounted inside
one of the coils induces measurable signal only in that coil. An additional
coil is used to measure field change (Figure 3). This allows us to reconstruct
time dependence of magnetization and external field, and consequently
dependence of magnetization on field, M(H).

Signal acquisition is done by digital oscilloscope. Acquired response of the
sample for two different field amplitudes can be seen in Figure 4. Saw tooth
shape points to presence of higher harmonics when larger fields are
applied. In the reconstructed hysteresis higher harmonics will be
recognized as bending of the curve toward saturation.

52



f IrI| fl |"'
. i
| AC generator | ; | Signal generator r-.u,f‘-.u.-“\j '-\l Linear amplifier l | || [ ] || |I LC
’ IRIN
IR
LU )

Oscillﬂ-scope-.

e P o

1 ]

I ! I !
| S
i dM | i i
! it [@ o] | i
H — 2 ofl— i
| BEER !
i A ER= l
! calEL 1 i
: I 3 H 1
1 ! 1 1
[ ! I [

[rosionna]: 5

215 kHz 2 ay
215 kHz /
5mT 15mT /A 1\
\ \ / [ [
[ [\ / \ [ JAEA
{ ‘.‘ f \ f‘ — '\. "r" Y / '\
S / \ f \ f =J \ ! Y / \
= ! \ { \ || \ / / \
e / =] \ / \ / \
T { \ / = / /
/ \ / = / \ /
= \ \ / S i
7 \ / | J / /

Time (s) Time (s)
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Numeric integration of signals gives us the M(t) and H(t) dependence. By
elimination of t we finally acquire M(H). Example of the hysteresis curves
measured in different fields can be seen in Figure 5. Heating power of the
sample is proportional to the area of the loop, and, as expected, grows the
bigger the amplitude used.
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Figure 5. Dynamic hysteresis loops measured for different amplitudes at
215 kHz

Further analysis of the heating power behaviour with frequency and
amplitude can reveal the mechanism behind heat generation [9,28]. On the
other hand, higher harmonics appearing in the raw signal can be used to
estimate temperature of the particles [29].
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Abstract: Different types of functionalities can be attributed to Fe-
RE and Fe-RE-B systems with RE=Gd, Dy and Sm. Local spin configurations,
magnetic behavior and magneto-functionalities have been studied in such
systems prepared as thin films and ribbons. Morpho-structural and
magnetic characterization have been performed by various techniques and
the magnetic specificities have been correlated with local structure around
Fe atoms investigated by 5’Fe Conversion Electron Mossbauer
Spectroscopy. Concentration dependent magneto-optical behavior has
been observed in Fe-Gd films. Direct or reversed MOKE loops were
evidenced crossing the magnetization compensation point due mainly to
the negligible rotational effect of Gd as compared to Fe. The magnetic
anisotropy and the magnitude of the Fe magnetic moment depend strongly
on the RE content, in different fashions for films and ribbons. Magneto-
strictive effects were investigated in ribbons, in direct correlation with the
atomic local structure and spin reorientation investigated by transmission
Mossbauer spectroscopy at different temperatures.

Introduction

The distribution of the magnetic interaction strength specific to
amorphous magnetic materials inspired many studies related to the
magnetic, magneto-optical and magneto-transport properties of
amorphous RE-TM alloys [1-3], with RE=Rare Earth and TM=Transition
Metal elements. Structural disorder influences a variety of magnetic related
functionalities, making these materials suitable for applications in
magneto-optical recording [4], spintronics [5-6] and for magnetization
switching without an external applied magnetic field [7-10].

Different local configurations lead to the occurrence of random
crystal fields that modify the magnitude of the RE and TM magnetic
moments. If the RE ion has non-zero orbital angular momentum, the
orientation of the RE magnetic moments will be modified in addition to its
magnitude. Thus, a random orientation of RE atomic magnetic moments is
expected if their orbital angular momentum is non-zero, as a result of local
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disorder. Structural disorder of amorphous materials generates three
important effects: (i) an additional attenuation of the exchange integrals,
(ii) a distribution of the exchange integrals linked to their interatomic
distance dependence and (iii) a sign variation of the exchange integrals
specific to their oscillatory character in intermetallic systems. These effects
produce features specific to amorphous magnetic materials like
percolation phenomena and spin frustration.

The magnetic properties depend strongly on the strength of the
crystalline field acting on the TM and RE atoms. The crystalline fields are
responsible for the magneto-crystalline anisotropy in the case of crystalline
materials. Harris, Plische and Zukermann proposed that for amorphous RE
elements with non-zero orbital angular momentum, the crystalline fields
are uni-axial, with easy axis varying from atom to atom in the case of total
disorder [11]. The local anisotropy originates in the interaction of the non-
spherical charge distribution of “f” electrons with the electric field
produced by neighboring ions. RE ions with non-zero orbital angular
momentum are anisotropic, whereas those with null orbital angular
momentum are isotropic. The magnetic behavior (for a single magnetic
lattice) can be theoretically analyzed using the Harris - Plische -
Zuckermann Hamiltonian, completed with a term corresponding to the
coherent anisotropy [12]:

H= —%; Ii,j]_l)]_;_ D ¥(m, ]7)2 — Ding Xi(n ]T)z — gugH YT,

where the first term represents the exchange interactions, the second term
corresponds to the local random anisotropy, the third term counts for the
coherent anisotropy and the last one is the Zeeman energy. The coherent
anisotropy is due to the tensile stresses that occur during the preparation
process of amorphous ferromagnets.

Non-collinear spin structures are highlighted in the case of rare
earth compounds due mainly to the competition between exchange
interaction and magnetic anisotropy. The structural disorder specific to
amorphous materials leads to the formation of particular spin
configurations, classified for the first time by Coey [13-14]. A probability
for a spin to form a s angle with a given direction was defined. In the case
of a single magnetic lattice, the spin configuration can be either
ferromagnetic or speromagnetic/asperomagnetic (transforming in
random configurations, in particular cases). If the exchange interaction is
much stronger than the ionic anisotropy, the magnetic moments will be
coupled on a significant correlation length. Thus, the ferromagnetic
coupling will be favored. If the ionic anisotropy is much greater than the
exchange interaction, the spin correlation will disappear, the atomic spins
being oriented along their easy axis of magnetization which varies from site
to site. Hence, an overall random spin orientation is advantaged. If the
exchange interaction competes with the ionic anisotropy, the correlation
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length is enhanced with respect to the previous situation and a
sperimagnetic/asperomagnetic configuration will form.

In the case of two magnetic lattices, A and B (with A=RE and B=TM),
the magnetic Hamiltonian reads:

1 —— —— —— 5 \2
H= =2 laglals = ) lawlale = ) lpdsls = ) Dalfiaa)
a,B a>a’ B>p' a
N
- z D (7ip]p)
B

where the first term refers to the A-B coupling, the second and the third
term represent the A-A and B-B coupling, whereas the fourth and fifth term
are related to the random anisotropy of the A and B sub-lattices,
respectively (the coherent anisotropy and the Zeeman term were
neglected). A RE-TM alloy exhibits two possible spin configurations: if the
RE belongs to the light RE category (RE with less than half-filled f orbitals),
the total local moment of RE atoms couples ferromagneticaly to the TM
local moments (The exchange integral, Iqg, is positive). If the RE belongs to
the heavy RE category (RE with more than half-filled f orbitals), the total
local moment of RE atoms couples antiferromagneticaly to the TM local
moments (The exchange integral, lqg, is negative) [15]. An essential large
local anisotropy could come only for the RE lattice (in case of anisotropic
RE elements), the contribution of the TM sublattice (B), being negligible.

According to the interactions appearing in the Hamiltonian above,
if the local anisotropy is small compared to the strength of the exchange
interactions, the coupling between the two lattices can be either
ferromagnetic or ferimagnetic/antiferromagnetic, depending on the sign of
the exchange integral, Iqp. If the strength of the local anisotropy of the RE
(A) magnetic lattice is comparable to the exchange interaction, the angular
distribution of magnetic moments belonging to the A lattice will be
anisotropic, whereas the B lattice will lose its ferromagnetic character. The
speromagnetic/asperomagnetic configuration is favored in different forms,
depending on the sign of the exchange integral (I«g) and on the ratio
between the exchange interaction and the local anisotropy.

Expressions for the angular orientations of the RE and TM spins
relative to the direction of the applied field, in the molecular field
approximation, were derived in ref. [16]. It was proved that in the case of a
very low random anisotropy of the RE atoms, a ferro- or ferrimagnetic
coupling occurs. In the opposite case, the RE spins are disposed in a cone
along the applied field and show a linear dependence on it.

Generally, the random anisotropy of TM elements is negligible (as
a result of orbital angular momentum quenching), whereas the RE-RE
exchange interactions is weak due to the significant distance between RE
ions in conditions of a small RE concentration in this type of alloys. A
particular case is the one of Gd atoms, given their null orbital angular
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momentum. They do not present random magnetic anisotropy and show a
simple antiferromagnetic coupling with TM magnetic moments.
Consequently, the anti-ferromagnetic alignment of TM and Gd magnetic
moments introduces the possibility to establish a certain concentration for
which the magnetization values corresponding to each sub-lattice would be
almost equal.

One important feature of electron beam co-evaporated Fe-Gd thin
films is the perpendicular easy axis of anisotropy causing a perpendicular
to plane magnetization. This observation enabled their implementation in
“bubble devices” [17-18]. Furthermore, it was observed that for this type of
films, the preparation method could increase the saturation magnetization
by an order of magnitude in the case of evaporated films with respect to
their sputtered counterparts, but in both cases the same tendency of
saturation magnetization decreasing until reaching a minimum at the
compensation concentration, followed by an increase in saturation
magnetization with increasing concentration is valid [3]. Also, the
possibility to tune the perpendicular anisotropy by means of composition
and temperature was reported in Gd-Fe-Co thin films with 50 nm thickness.
Thus, the low Gd concentration range between 20 % and 34 % was found
to exhibit perpendicular magnetic anisotropy and local ion anisotropy was
proposed to explain its origin in this type of alloys [19].

Magnetic configurations and magnetic interactions in RE-TM
systems, with or without an additional Boron content, prepared as both
thin films and ribbons were previously studied using Mdssbauer
spectroscopy and magnetometry techniques. The effect of adding B is to
ascertain the amorphous state of the systems [20-22]. Considering Fe-Gd-
B, the data showed different local electron configuration of Fe: for a Gd
concentration lower than 20%, the hyperfine field decreases with
increasing Gd concentration in the ribbons case, whereas it has similar
values in the film case at Gd concentrations lower than 8%. The overall
magnetic moments in Fe-Gd-B ribbons do not prefer a certain orientation,
whereas in the case of films the magnetization lies in the film plane at Gd
concentrations lower than 8 % and it prefers the out of plane direction at
concentrations higher than 8 %. Despite being known that light rare earth
elements couple ferromagneticaly with transition metal elements,
magnetic data in ref. [23] demonstrated that in Fe-Sm-B films with Sm
concentration less than 30 %, contrary to ribbons and Fe-Sm films, the
magnetic moments of Fe and Sm are antiferromagneticaly coupled.

The present work is intended to present disordered magnetism
related features in isotropic and anistropic RE-TM systems prepared as
thin films and ribbons. In the ribbons case, the preparation technique
allows adding B in the sample composition. Adding B in the ribbons
composition is a prerequisite for obtaining non-collinear spin structures by
ensuring the amorphous character of the samples. In this respect, we
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propose for investigations Fe-Gd and Fe-Dy thin films systems and an Fe-
Dy-B ribbons system. A good understanding of the magnetic behavior of the
system requires extracting information about one of the two magnetic
lattices. Mossbauer spectroscopy can be used in this respect due to its
isotope specific nature. In the following examples, Mdssbauer spectroscopy
results provide information about local atomic structure, magnetic
configurations and magnetic interactions at the TM (particularly Fe) site.

Experimental details

The Fe-Gd and Fe-Dy thin films were prepared by magnetron
sputtering on Si substrate in Ar atmosphere (11.1 mbar) after reaching a
main vacuum of 5*10- mbar. The substrates were washed in acetone and
ethyl alcohol, but the endemic Si oxide layer was not removed. The iron
concentration in the two systems was varied by sputtering from two
different targets: a high purity Fe target of 5 cm diameter partially covered
with small plackets of metallic Fe enriched in the 57Fe isotope and with
eight Gd/Dy plackets of about 0.35 cm? surface and an additional Fe target.
The deposition parameters of the Fe-Gd and Fe-Dy films are listed in table
1. The sample code indicates the Fe concentration found in each sample.
The composition was obtained via Scanning Electron Microscopy coupled
with Energy Dispersive Spectroscopy (data not shown here).

Sample code | Deposition parameters (deposition power, discharge type, deposition time)
Fe74 Si/ Fe +57 Fe + Gd( 100W, RF, 16’) — Au (100W, RF, 16')
Fe79 Si/ Fe (25W, DC, 24’) - Fe +°7 Fe + Gd (100W, RF, 24’)
Fe90 Si/ Fe (25W, DC, 15’) - Fe +° Fe + Gd( 100W, RF, 15)
Fe83 Si/Fe-Dy (100 W, RF, 15’) - Fe (100 W, DC, 15’) / Ag (50 W, 2’ 30”)
Fe9l Si/Fe-Dy (65W, RF, 17’30”)-Fe (140W, DC, 17°30”)/Ag(50W, 2’30”)

Table 1. Sample codes and deposition parameters for the Fe-Gd and
Fe-Dy films

The Fe-Dy-B ribbons system was prepared by pre-melting in
induction furnace followed by melt spinning. The preparation parameters
are shown in Table 2.

Atomic Crucible Overpressure Ar |Rotational speed of |Working
composition diameter (mm) |(MPa) the Cu wheel pressure
(rpm) (Atm)
F666_4Dy13_6B20 0.5 0.07 2000 0.9
Fe72.8Dy7.2B20 0.5 0.07 2000 0.9

Table 2. Atomic composition and preparation parameters of the Fe-

Dy-B ribbons
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Except these samples, complex magnetic investigations have been
done on films involving other RE ions, as for example Sm. Conversion
Electron Méssbauer Spectropscopy (CEMS) was used in order to study local
structure, magnetic configurations and magnetic interactions of the Fe-RE
films. The measurements were performed at room temperature with the
gamma radiation perpendicular to the sample plane, the sample being
placed in a home-made gas flow proportional counter. A 57Co source (Rh
matrix) of about 35 mCi activity and a spectrometer working with
sinusoidal waveform was used. Transmission Mossbauer Spectroscopy
(TMS) was implemented to investigate the magnetic configurations in Fe-
RE-B ribbons. A conventional Méssbauer spectrometer with a 57Co (Rh
matrix) source mounted on a drive unit working under the constant
acceleration mode was used. The NORMOS computer program [24] was
used for the least-squares fitting of the Mossbauer spectra.

Magnetometry measurements of the Fe-Gd and Fe-Dy films were
performed on a SQUID (Superconducting Quantum Interference Device)
magnetometer at room temperature (RT) in parallel geometry (the
magnetic field was applied parallel to the sample plane).

Results and discussions

CEM spectra of Fe74 and Fe79 films and their corresponding
hyperfine field distributions are presented in figure 1. The spectra were
fitted with a hyperfine field distribution specific to amorphous phases (the
amorphous character of the samples was also revealed by X-ray diffraction,
but the results are not presented here). The quadrupole splitting was
considered zero. The magnetic splitting increases, whereas the spectral
linewidth becomes narrower with increasing Fe concentration. Thus, the
observation of six distinct spectral lines is possible only for Fe79. The
isomer shift values indicate the formation of amorphous phases for the two
samples. The orientation of the hyperfine field with respect to the direction
of y radiation was estimated via the intensity ratio R. The R ratio is

. . p_ L 4sin®B
expressed with the following formula: R = I = 3(itcos?B)

are the intensities of spectral lines 2 and 1, and f is the angle between the
direction of the hyperfine field and the direction of y rays [25]. R shows an
in-plane orientation of the mean magnetic moment of Fe in the case of Fe79
film and a perpendicular to plane component in the case of Fe74. An
unexpected observation is the significant drop of the mean hyperfine field
value registered for Fe74 sample (6.8 T) with respect to the value obtained
in the case of Fe79 sample (17.5 T), given the small Fe concentration
difference between them. This remark can be attributed either to an
electron reconfiguration at the Fe site occurred due to an increased number
of Gd neighbours in the case of Fe79 as compared to Fe74, or to the
activation of magnetic relaxation processes for the Fe lattice, leading to the

where I; and I
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reduction of the magnetic moment, and hence to a lower hyperfine field
value. Ab-initio simulations (results not presented here) on crystalline
counterpart systems of similar concentrations revealed not important
variations of the magnetic moment with changing Fe concentration. Hence,
the observed hyperfine field reduction should be attributed to the activated
magnetization relaxation processes.

1 1 L I I 1 1

(a)

P (B

RELATIVE EMISSION

P(B)

-8 -4 0 +4 +8
VELOCITY (mm/s)
Figure 1. CEM spectra collected at room temperature of Fe74 (a) and Fe79
(b) films

Figure 2 presents CEM spectra of Fe83 and Fe91 films. The best fit
of Fe83 spectrum was obtained considering a narrowed hyperfine field
distribution centered in 1.2 T and a low value (close to 0) for R, indicating
a perpendicular to plane orientation of Fe spins. An unique amorphous
phase with a reduced magnetic moment of Fe was highlighted for this
sample, the magnetic moment being much lower than in case of metallic Fe.
The Fe91 spectrum was fitted with a crystalline sextet of narrow linewidths
corresponding to Fe-bcc phase and with a second sexted with broader lines
associated to locally disordered Fe positions with Dy neighbors, according
to XRD data (not shown here). The relative intensities of the sextet lines 2
and 1 in both sextets prove also a strong perpendicular to plane component
of the Fe spins.
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Figure 2. CEM spectra collected at room temperature of Fe91 (a)
and Fe83 (b) films
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Figure 3. Mean hyperfine magnetic field (a) and R ratio (b) vs. RE content

in Fe-Sm-B and Fe-Gd films collected at 300 K

The mean hyperfine field and R ratio dependences vs RE content,
as derived from CEMS on Fe-Sm-B and Fe-Gd films of different
compositions are illustrated in figure 3. The mean hyperfine field is
constant for RE concentrations lower than 0.1 and decreases rapidly for RE
concentrations higher than 0.1. A rapid decrease is also observed for R
values corresponding to Sm-based films at concentrations higher than 0.05
as a sign of the spins rotation towards a more perpendicular to plane
direction.

Room temperature hysteresis loops of Fe74 (in 250 Oe applied
field) and of Fe79 (in 60 Oe applied field) collected on the SQUID
magnetometer in parallel geometry (magnetic field applied along the film
plane) are shown in figure 4. The hysteresis loop of Fe74 shows soft-
magnetic features. Moreover, it is easily closed, suggesting the formation of
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magnetic domains in this sample. Oppositely, the hysteresis loop of Fe79
prove the existence of two magnetic phases with different coercive field
values, each one of them having a correspondent magnetic phase. It was
previously concluded that in RE - TM amorphous compounds an exchange
coupling between a ferrimagnetic region (with low net magnetic moment)
and a “so-called” ferromagnetic region (with a significant magnetic
moment) exists [25]. It is assumed that the regions with different
concentrations are of nanometric size and are placed in contact. The two
magnetic phases observed in the hysteresis loop may be attributed to the
two exchange coupled phases presenting different magnetism.
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Figure 4. RT hysteresis loops collected on SQUID magnetometer in parallel
geometry for Fe74 (a) and Fe79 (b) films

Figure 5 presents the saturation magnetization values vs. Fe
content in Fe-Gd films. In the case of ferrimagnetic structures, a minimum
net magnetization is expected for concentrations in the vicinity of the
compensation point. Among the concentration values considered, the
minimum magnetization saturation value was obtained for 85 % Fe, which
can be considered as the closest concentration to the compensation point
at RT.
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Figure 5. Saturation magnetization vs. Fe content in Fe-Gd thin films at
300K
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Magnetic hysteresis loops of Fe83 and Fe91 films in perpendicular
geometry can be seen in figure 6. In both cases there are evidences for the
presence of two coupled magnetic phases leading to both the
multicomponent nature and different shifts of the overall hysteresis loop.
The averaged coercive field of Fe91 of approximately 200 Oe is four times
higher than that of Fe81. Both samples are hardly to be saturated in a
direction perpendicular to the film plane, indicating non-collinearity of the
spin structure. The shifts of the hysteresis loops along the magnetic field
axis (negative, for Fe83 and positive for Fe91 film, respectively) field
observed for the two samples is a hint for exchange-bias phenomena.
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Figure 6. Magnetic hysteresis loops of Fe83 (a) and Fe91 (b) films,
collected in perpendicular geometry, at room temperature

It is to be assumed that Fe-Dy films present, as well as Fe-Gd
counterparts, an exchange coupling between “ferrimagnetic regions” with
a concentration close to the compensation point and “ferromagnetic
regions” with a concentration much different than the compensation point.
The magnetic moments corresponding to atoms of the same type present
parallel coupling. The regions with concentrations different than the
compensation point are represented by Dy related magnetic moments and
Fe related magnetic moments in the case of Fe83 and Fe91 films,
respectively (e.g. the effective magnetic moment per formula unit of those
phase with compositions different from the compensation point are due to
either Dy or Fe magnetic moments). This affirmation is supported by CEM
spectra (figure 2) presenting a reduced hyperfine field in the case of Fe83
and a hyperfine field close to that of a-Fe in the case of Fe91.

Decreasing Fe concentration from one side to the other of the
compensation point produces different magneto-optical Kerr effects as can
be seen in figure 7, where the MOKE loops of Fe79 and Fe90 films are
represented. Relative higher coercive field is obtained for Fe90 (e.g. of
55(5) Oe) and the absence of magnetic anisotropy is observed. The coercive
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field is well reduced in sample Fe79 (10(2) Oe), revealing a soft-magnetic
character, at Fe concentration lower than the compensation point.
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Figure 7. Magneto-optical Kerr effect loops of Fe79 (a) and Fe90 (b) films

Diminished MOKE effects are registered also with decreasing Fe
concentration due to the fact that Gd, being an isotropic ion, with null
orbital angular momentum and hence with null spin-orbit coupling, does
not contribute to MOKE signal. A direct consequence of the null spin-orbit
coupling of Gd is the MOKE loop reversal at Fe concentrations lower than
the compensation point. It is the case of Fe79 film, where the MOKE signal
is negative at positive applied fields and positive at negative applied fields.
Changing MOKE signal sign appears as the Fe lattice (the minor lattice in
the compound and the lattice creating magneto-optical effect) is oriented
in the opposite direction of the applied field at both positive and negative
values.

In order to investigate the influence of size effects and of the
preparation method on the atomic structure and spin configuration of RE-
TM systems, Mossbauer spectroscopy measurements of Fe-Dy-B and Fe-
Sm-B ribbons were realized. Moreover, the ribbons preparation method
allows the increase of B concentration in a higher amount than in the case
of films. The TM spectra of Fe72sDy72B20 and Fess4Dy136B20 ribbons
collected at 80 K and 300 K can be seen in figure 9.
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Figure 9. TM spectra collected at 80 K (a) and 300 K (b) of Fe725Dy7.2B20
(A) and Fe66_4Dy13_6B20 (B) ribbons
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The best fit of the spectra was obtained via hyperfine magnetic field
distributions. The spectral lines are more overlapped at 300 K, but can be
well observed separately at 80 K. The width of spectral lines indicates
clearly the formation of the desired amorphous phases in the case of both
samples. The hyperfine field of Fe in this alloys is slightly higher than half
of the metallic Fe hyperfine field. This reduction can be attributed to the
polarization of s electrons of Fe by its magnetic moment or by the
neighboring RE magnetic moments (e.g. in case of Dy, of opposite
orientation as compared to Fe). The hyperfine field reduction is consistent
with the existence of non-collinear spin structures. The hyperfine field
values and the R ratio are represented in figures 10 and 11 for Fe-Sm-B, Fe-
Dy-B and Fe-Gd-B ribbons, respectively.
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Figure 10. Mean hyperfine magnetic field (a) and R ratio (b) vs. RE content
in Fe-Sm-B and Fe-Dy-B ribbons from Médssbauer spectra collected at 300
Kand 80 K.

A decrease of the hyperfine field with increasing RE concentration
is registered independent of temperature and of RE element, proving
unexpectedly a same type of antiferromagnetic coupling between Fe and
RE elements, in spite of fact that Sm is a light RE and Dy a havy one. The
variations of R at increased RE concentrations are much smaller in case of
Sm as compared to the case of Dy. However, in both cases there is a sensible
variation of R between the two considered temperatures (300 K and 8 0K),
proving the presence of magnetostrictive effects in both systems. In
general, the spins tend to orient more in the out of plane direction as the
temperature is increased, but the variation of R parameter is more
accentuated in the case of the lowest RE content. A temperature increase of
the ribbons that leads to their dilatation can be assimilated with applying
an elongation stress (causing the same dilatation effect). The reorientation
of the spins in the ribbons plane with changing temperature is equivalent
with a spin reorientation under the sample dilatation or compression as
effect of an axial applied stress. Based on this assumption, an estimation of
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the magnetostrictive effect can be realized via Mossbauer measurements at
different temperatures.

Conclusions

Particular magnetic characteristics were observed for RE-Fe and
RE-Fe-B thin films and ribbons, induced by size effects and by the
preparation method. Unusual spin configurations were observed in
systems presenting random magnetic anisotropy. The existence of
amorphous phases is necessary for the appearance of random magnetic
anisotropy with the amorphous phases supported by appropriate B
inclusions.

The coupling of Gd with Fe is a simple antiferromagnetic one,
whereas the coupling of anisotropic RE elements (Dy and Sm) with Fe has
been proven to be of sperimagnetic type in thin films, in spite of the fact
that Sm and Dy are light and heavy RE elements, respectively. The simple
antiferromagnetic coupling of Fe and Gd leads to the idea of magnetization
compensation at a certain concentration which can be easy estimated if the
magnetic moments of the elements is known. For the sperimagnetic
systems with antiferromagnetic coupling of Fe and RE, it is also possible to
define a compensation concentration, possible to be calculated only if the
angular aperture of the cones in which the Fe and Dy magnetic moments
are distributed is known.

The magnetic moment of these type of alloys is very sensitive at
concentration changes, especially in Fe-Gd and Fe-Dy thin films, a
concentration range of maximum 10 % being identified to be responsible
for a strong variation of the magnetic moment of Fe.

Fe-Dy-B and Fe-Sm-B ribbons with the same concentration ratio of
Fe to RE as in the thin film counterpart were studied. The reduction of the
hyperfine field with respect to metallic Fe is also evidenced in these system,
but it should be noted that in the case of B containing alloys, the charge
transfer at the overlapped “4s” and “3d” orbitals of Fe comes mainly from
B atoms. A new methodology to investigate magnetostrictive aspects was
developed in the particular case of Fe-Dy-B ribbons. Magnetostrictive
aspects were studied by measuring spins rotation at varying temperatures
via Mossbauer spectroscopy. Such effects were found to depend strongly
on the RE content.

Taking into account the diverse functionalities of these systems
(magneto-optical, magnetoresistive and magnetostrictive), RE-Fe systems
with isotropic and anisotropic RE elements are of interest with respect to
fundamental and applied studies, especially due to a high ability to control
the involved magnetic spin structures. For a full characterization of spin
structures in RE-Fe systems, the angular aperture and the orientation of the
spins dispersion cone should be determined.
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Superposed Shape Memory and Magnetocaloric Effects of NiFeGa
Heusler alloys.
Effects of thermal treatments and of Co and Al Substitutions.
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National Institute of Materials Physics, POB MG-7, 77125 Bucharest-
Magurele, Romania

Abstract. NiFeGa alloys with Co and Al substitutions, prepared as
melt-spun ribbons, subjected to thermal treatment, with sequential but
close structural and magnetic phase transitions were obtained in order to
study the superposed shape memory and magnetocaloric effects. X-ray
diffraction, differential scanning calorimetry, magnetic characterizations
and magnetocaloric effect evaluation have been performed in this respect.
The results highlight the role of substitutions and thermal treatments on
the shape memory and magnetocaloric effects.

1.Introduction

The functionality of ferromagnetic shape memory alloys (FSMA) is related
to the simultaneous presence of structural thermo-elastic transition and
the ferromagnetic one. The martensitic transformation (MT) and magnetic
order-disorder transformations temperatures may be tailored by doping
the alloys with other elements (to change the electronic concentration, e/a)
or by suitable thermal treatments (to improve crystalinity) so that, alloys
with concomitant or sequential structural and magnetic phase transition
may be obtained. Recent studies [1, 2] have shown that the entropy change
associated to the martensite transformation in FSMA increase as the
temperature difference between Tc and Tw decreases. As effect of coupling
between the structural and magnetic transitions (magnetostructural
coupling) a giant magnetocaloric effect (MCE) is expected, promoting these
alloys as potential performing magnetic refrigerant materials. Also,
transport properties depending on crystal structure and phase
transformations may offer another possibility for practical use of FSMAs:
actuators, displacement/force sensors, and motion dampers. MCE in Ni-Fe-
Ga alloys was also investigated because ductility is an important issue in
the application of FSMA as magnetocaloric materials.

The magnetocaloric effect is an intrinsic property of some magnetic
materials associated with the phonon and magnetic excitations. The MCE
around room temperature is an environmentally friendly alternative to
conventional refrigeration and the most significant effect occurs at
temperatures near magnetic transitions, and strongly depends on the type
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of transition being highest for first-order transitions [3], which motivated
the quest for FSMA with identical -or close- magnetic and structural
transformation temperatures. The martensitic phase in the ferromagnetic
off-stoichiometric Heusler alloy Ni-Fe-Ga features structural twinning, with
exceptional magnetoelastic properties which recommend it as a good
candidate to replace the brittle Ni-Mn-Ga [4, 5, 6] in various applications.

Numerous substitutions have been tested on Ni-Fe-Ga alloys in order
to increase the Curie temperature (Tc), magneto-crystalline anisotropy or
the mechanical properties. Morito et al. [7], found that the addition of Co in
Ni-Fe-Ga increases the magnetocrystalline anisotropy energy and the Curie
temperature, while the MT is around room temperature. These findings
motivated our study of different substitutions possibly of fundamental but
also applicative interest.

In the present work we investigate the influence of Co and Al
substitutions on the MT, magnetic properties and MCE characteristics of
NiFeGa Heusler FSMA, in ribbons prepared by melt spinning method and
subjected to different thermal treatments. X-ray, DSC, magnetocaloric
characterizations have been performed. It is assumed that the thin melt-
spun ribbons assure a more efficient heat transfer, which is another
motivation of our study.

2.Experimental results

We selected alloys with different nominal composition:
NistonCOzGazs, NistCzoCOzGaz3Al3, NistEzoCO:;GazsAlz and
Nis2Fe20Gaz3Als, denoted: Co2, Co2Al3, Co3Al2 and respectively Al5, in
order to highlight the role of magnetostructural coupling. Ingots were
prepared from high purity elements, by arc melting under argon protective
atmosphere. Subsequently, they were inductively melted in quarts tubes
under argon atmosphere and rapidly quenched by melt spinning technique
(Buhler Melt Spinning Device). Ribbons of about 30 um thickness and 2-
3mm width were obtained at a copper wheel velocity of 20m/s in
conditions of 40 kPa Ar overpressure and nozzle diameter of crucible of 0.5
mm. The “as quenched” melt spun ribbons (denoted as AQ) were
subsequently subjected to thermal annealing at relatively Low
Temperature (LT) at 400°C for 10 minutes and High Temperature (HT) for
2minutes at 900 °C, in vacuum quartz ampoules followed by rapid cooling
in ice water.

The crystalline structure investigations were done by X-ray
diffraction (XRD) using a Bruker D8 Advantage diffractometer in Bragg-
Brentano geometry with Cu Ka radiation, at room temperature (RT). The
phase transformation temperatures and the MT enthalpy were determined
by using a differential scanning calorimeter (DSC) model 204 F1 Phoenix
(Netzsch), within a scanning rate of 20 K/min, under He protective
atmosphere. Magnetic measurements below 350 K were performed with a
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Quantum Design Superconducting Quantum Interference Device (SQUID)
magnetometer working in RSO mode.

3. Results and Discussions
3.1. Structural characterization

The XRD pattern recorded at RT on Co2_AQ ribbons is highlighting
the coexistence of the martensitic phase highlighted by modulated
tetragonal structure with austenitic phase, characterized by the disordered
B2 structure. The Co2Al3_AQ ribbons shows only peaks belonging to
austenite B2 structure, suggesting the martensitic transformation below
RT. Co2_LT sample show the reflections corresponding to the ordered L2,
cubic austenite-specific structure of Heusler alloys, while Co2Al3_LT
remains austenitic with B2 structure. At RT the sample Co3Al2_AQ is in the
martensitic state, and the main reflections may be indexed as a modulated
7M type orthorhombic structure, after LT treatment Co3AI2 has the same
layered martensitic structure (Fig.1a). Except the Al5 alloy (which retains
a body-centered-cubic (b.c.c.) structure even on thermally treated samples
- Fig.1b), HT heat treatment causes segregation of the secondary y phase
with the face-centered-cubic (f.c.c.) structure. HT thermal treatment has
also the effect of the decrease in MT temperatures. Therefore Co3A12_HT
diffractogram performed at RT brings out coexistence of y phase with B2
austenite.
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Fig.1 a) The XRD pattern recorded at RT of the Co3Al12 AQ, LT and HT
thermally annealed ribbons. B) The same for the Al5 ribbons.

It can be seen that the precipitation of the y phase is inherently
found for Ni-Fe-Ga alloys with Ga<27%at, because this composition is
located in the B+y two phase zone. This phase is responsible for the
improved ductility of Ni-Fe-Ga based alloys and is located mainly at the
grain boundaries.
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3.2. Calorimetric data

From the analysis of structural and DSC data (Fig.2) results that
characteristic temperatures of martensitic transformation are strongly
influenced by the substitutions. It is known that the valence electrons
concentration (e/a) has a direct effect on the MT temperature, making it
insightful to compare alloys in which the same e/a value is obtained by
different substitutions. The general trend is to decrease martensitic
transformation temperatures with decreasing the concentration of valence
electrons. However, Co2 and Co2Al3 ribbons shows the same 7.76 value for
e/a (Fig.2a), but a significant decrease of the MT temperatures occurs
replacing 3 Ga atoms with Al This is probably an atomic size effect.
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Fig.2 a) DSC data for AQ ribbons, and b) for Co2 thermally treated
ribbons.

The alloy Al5 has e/a=7.64 (see the Tablel), so a MT would be at
very low temperatures and therefore was not registered by DSC. As it
shows Fig.2b, the calorimetric scans reveal that TTs induce changes of the
transformation heat (associated with the DSC peak area) and a decrease of

the MT temperatures.
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Table 1. The martensitic transformation characteristic temperatures -
martensite start (Ms) and finish (Mf), austenite start (As) and finish, (Af)
from DSC, the average transformation heat Q (calculated as average
between the direct and reverse transformation) and the Curie temperature
Tc for studied samples AQ, LT and HT thermal treated ribbons. Magnetic
entropy variation AS.

sample Ms(K) | MF(K) | As(K) | Af(K) | Tc Q as
(K) (/g) (J/KgK) in 4T
Co2_AQ 308 277 296 326 | 360 3.6
Co2_LT 282 252 268 287 | 370 2.6 22
Co2_HT 236 218 233 250 | 340 | 2.14
Co2AI3_AQ | 261 230 250 276 | 350 25 -1.6
Co2AI3_LT 253 224 254 268 | 365 | 274 -0.86
Co2AI3_HT 174 104 147 206 | 340 | 0.15
Co3AI2_AQ | 344 320 345 370 | 370 2.0 -1.9
Co3AI2_LT 335 304 330 360 | 383 | 0.85
Co3AI2_HT 162 98 154 191 | 365
Al5_AQ . - - - 295 - -

3.3 Magnetic properties and MCE evaluation

The thermal hysteresis, specific for SMAS, shows in the thermo-
magnetic curves in the range of MT. The temperatures characteristic of MT:
martensite start (Ms), martensite final (Mf) austenite start (As) and
austenite finish (Af) temperature were evaluated by the tangential method
as shown in Fig 3a. The difference of the hysteresis shapes proves
differences in magnetization and magnetocrystalline anisotropy of samples
with different substitutions (Fig.3a). With respect to the magnetic behavior
of Co3AI2 AQ and TT ribbons, Fig.3b shows the temperature dependence of
magnetization, recorded in low magnetic field. Comparatively to the AQ
alloys, the Curie temperature for annealed at LT ribbons is slightly higher
reflecting a higher atomic order and the relaxation of the quench-in strains
induced by the processing route. HT annealed samples show the thermal
hysteresis accompanying the MT is sifted to lower temperatures.
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Fig.3 a) The Martensitic transformation reflected by the thermo-magnetic
scans at low magnetic fields on AQ ribbons; b) the same for Co3Al2.

It is to be noted that the HT thermal treatment does not produce a
further increase of the magnetic ordering temperature (Tc). The
precipitation of the secondary y phase counterwork the effect of further
structural refinement and lattice relaxation and depletes the matrix in 3d
elements, inducing also a decrease of Tc. Also, is observed on HT annealed
sample a residual magnetization for T>400°C, proving a higher Curie
temperature of the y secondary phase.

By comparing DSC and thermo-magnetic results, the Co3Al2_AQ
ribbons exhibit coupled magnetic and structural transitions. Also, Co2
ribbons seems to have consecutive and close magnetic and structural
transitions. Materials with concomitant structural and magnetic transitions
are expected to have a large entropy variation and be attractive by an
important magnetocaloric effect.

In the following we will present the evaluation of the
magnetocaloric effect on the discussed samples, less Al5 alloy not showing
MT, in a range of temperature (<380K) that allowed full characterization of
magnetic alloy with SQUID device.

In order to quantitatively characterize the MCE, an indirect
technique to evaluate the ASm was used. According to Maxwell relation,
ASm can be calculated by means of magnetic measurements:

ASM(T,H) = j(aM /8T),dH (1)
0

whose discrete data points version (for isotherms measured at certain field
only) reads:

ASm = z (M ?A) 0) AH_ 2)

n+l

77



- _.l") Tc for Co2AI3_AQ
.4 ..'.Oo..... Aaa,
o -...\ AAAAAM
4T .\. ..0.......\ A e
T / \s,o AA/
1.0 [ ] AAAAAI
L]
E Tc
A for
o ¢ Co3AI2_AQ
a Co2AI3_AQ
T
0 Il 1 1 Il 1 1 \\I\\ -2-0_ 1 1 1 1 1 1 1 1 1
260 280 300 320 340 360 380 400 150 175 200 225 250 275 300 325 350 375 400
Temperature (K) Temperature (K)

Fig.4 a) Isofield magnetization curves at different magnetic fields of
Co3Al2_AQ ribbons. b) Entropy variations versus temperature for
Co3AI2_AQ and Co2AI3_AQ ribbons.

The magnetization curves at different constant magnetic fields
were used to evaluate the magnetocaloric effect of Co3Al2_AQ ribbons.
Co3AI2_AQ ribbons seems to have, from thermos-magnetic measurements,
a concomitant or sequential structural and magnetic phase transition. As
shown in Fig. 4b, there are two peaks nearby in magnetic entropy
variations versus temperature, so the transformations are very close, but
we do not have a magneto-structural coupling. The change in entropy is
higher in the MT area whereas the relative cooling power (RCP) (related to
the peak area) is higher in Tc area (Fig.4b). For the structural
transformation the AQ ribbons show AS = -1.9 J/KgK. The entropy
variations for Co3Al2_AQ throughout the MT is greater than value AS=-1.6
J/KgK corresponding of Co2Al3_AQ, and this can be explained by the fact
that MT and Tc are closer. In Fig.5a is represented the temperature
dependence of the magnetic entropy change for Co2AI3_LT, in different
constant fields. Although the contribution of magnetic transition to entropy
variation consists of direct magnetocaloric effect (AS<0), a positive entropy
change corresponding to the MT can be observed for applied magnetic field
lower than 1 T. These non-conventional magnetocaloric effect is denoted
as the inverse magnetocaloric effect (IMCE) and is highlighted in Fig.5b.
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Fig.5a) Temperature dependence of the magnetic entropy change
for Co2AI3_LT, in different constant fields. b) Inverse magnetic entropy
change highlighted in small fields.

Inverse magnetocaloric effect often occur near phase transitions as
a result of the strong interaction between magnetism and other degrees of
freedom. The explanation of it was related to the strong uniaxial
magnetocrystalline anisotropy of the martensitic phase. If the composition
is varied so that the MT temperature approaches Tc temperature, the
anisotropy is diminishing with a corresponding decrease of the inverse
contribution and conventional behaviour becomes dominant. The
magnetocaloric properties proved to be optimal when both martensitic and
ferromagnetic transitions appear close to each other [8].
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Fig.6 a) Temperature variation of magnetic entropy change and of
magnetization measured in 200 Oe (with continuous line) on Co2A13_LT. b)
Magnetization curves at different constant temperatures (measured with
5K temperature increment). Insert: enlarged view of the thermos-magnetic
hysteresis and entropy variation versus temperature along the MT for
Co2_HT ribbons.
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For annealed Co2_LT sample, note the occurrence of two maximum
magnetic contributions to entropy, the left one in the area of martensitic
transformation and the second in the order-disorder magnetic transition
temperature ranges (Fig.6a). And the Co2_LT sample has the change in
entropy higher in the MT area, whereas the refrigerant capacity (related to
the peak area) is higher in Tc area. We have obtained a value of 2.2 ] /KgK
for the entropy change in CoZ2 alloy, but estimate that by further tayloring
the alloy compozition and using proper thermal treatments to tune the
magnetic and structural transition temperatures closer (or even
concomitent) this value may be improved. Magnetization isotherms in 1T
maximum applied field (measured with 5K temperature increment)
(Fig.6b) were used to evaluate the magnetocaloric effect of Co2_HT sample.
Entropy variations versus temperature are shown in the inset of Figure 4b.
In this case, the inverse magnetocaloric effect is also present in small
magnetic fields.

We obtained rather small values of the magnetic entropy variation
(due to the small variation of the magnetization with the temperature and
the fact that the transition is not abrupt, there are magnetic and orderly
fluctuations at short distance and after Tc) and therefore the main
relevance of our results remains at the fundamental level, highlighting the
importance of the magnetostructural coupling.

4.Conclusions

We have studied the effect of Co and Al substitutions on the
magnetocaloric properties of NiFeGa ferromagnetic shape memory alloys.
The alloys were prepared as melt-spun ribbons - an unconventional
preparation route that also allows subsequent tuning of the stress release
and crystallites growth by thermal treatment.

Co2, Co2Al3 and Co3Al2 samples presented reversible thermo-elastic
transformations. As a general rule, the martensitic transformation
temperatures and the enthalpies decrease with increasing the temperature
of the thermal treatments (on the melt-spun ribbons).

Al5 sample does not undergo MT.

Importantly however, by tuning the alloys composition via
substitutions, one can get close to a concomitant magnetic and structural
transformation leading to an optimum magnetocaloric effect.

The highest magnetic field induced entropy variation was found for
the Co2_LT (ASm = 2.2 J/KgK), being associated with the fact that the
magnetic and structural transitions are in the closest vicinity.

For Co2_HT and CoZ2Al3_LT with the MT temperature much lower
than Tc, a positive entropy change corresponding to the MT can be
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observed for applied magnetic field lower than 1 T, meaning an inverse
magnetocaloric effect (IMCE).
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Abstract: Interface states at the contact between the dielectric and
semiconductor substrate substantially influence the characteristics of
electron devices containing various metal-insulator-semiconductor (MIS)
structures. Several methods of determination of the distribution of
interface states through the bandgap are used in characterization of
microelectronic devices. Downscaling of dielectric stacks required for
novel technologies, introduces several effects causing the standard
methods to be not enough efficient.

Here we pay particular attention to the Terman method, reconsidering its
foundations in the case where quantum charge in silicon near the interface
with dielectric has to be taken into account.

In this work we attempt to describe C-V characteristics of MIS structures
using analytical expression containing parameters that can be empirically
extracted from the measured C-V characteristics, and thus extract interface
states density distributions excluding the effect of quantum charge.
Successful application of the method has been demonstrated on various
MIS structures.

PACS: 73.20.-1, 73.40.Qv, 77.55.+f,

1. Introduction

Ultrathin dielectrics (of order of 10 nm or thinner) with outstanding
dielectric properties are of particular importance for modern
microelectronic devices, such as MOSFET, Dynamic Random Access
Memories (DRAM) and charge trapping flash memories. Classically used
silicon dioxide layers are nowadays replaced in majority of the applications
by high permittivity (high-x) dielectrics. Mixed and stacked layers are quite
often used as optimized solutions for obtaining required properties of the
stacked dielectric. For illustration, schematic presentation of charge
trapping flash memory is shown in figure 1.
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Figure 1. Schematic presentation of charge trapping flash memory.

Charges of various origins affect substantially the properties of the
structures containing such ultrathin dielectrics. These charges can be ones
initially existing in the structures, both as imperfections of the composed
structures (i.e. lattice mismatch between two subsequent layers) or as
defects created by the fabrication process. Other charges can be creation
during the use of the structures, mainly as a result of electrical stresses or
radiation (stress generated).

Particular attention is paid to the charges connected to the presence of
localized energy states in the forbidden gap of the semiconductor substrate
originating from defects in the dielectric close to the interface with the
silicon substrate. They are named interface states and the charge captured
on them usually known as interface charge. This charge varies with the
applied voltage on the structure, thus resulting in some kind of instability.
Therefore, the precise determination of the distribution of these states over
the forbidden gap of the semiconductor (interface state density, Di) is an
important issue in the characterization of ultrathin dielectrics and devices
including such films.

In this work we study the issue of location and character of interface
states in various heterostructures used in contemporary microelectronic
devices which include nanosized dielectrics.

2. Peculiarities of high permittivity dielectrics

High-k materials are considered as efficient replacement of classically used
Si0; in nanoelectronics. They have substantially higher value of relative
permittivity (e;) then SiO: (3.9), thus allowing obtaining required
capacitances of metal-insulator-semiconductor structures in the devices
with substantially higher physical thickness than in the case of SiO; layers,
thus limiting the leakage currents due to direct tunneling present in
extremely thin SiO; films (<4 nm). Between the high-k materials are: HfO.,
Taz0s, Al;03, Zr0O2, Al;03, Laz0s3 etc. Relative permittivity values for these
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materials are dominantly between 10 and 30, while the bandgap values are
higher than 4 eV and lower than 9 eV (the value for SiO;). These values
reside between the upper limit for wide bandgap semiconductors (form
2 eV to 4 eV) and that of the typical dielectric SiO>. TiO; is also considered
as high-k Error! Reference source not found., even if its bandgap value is
only 3.2 eV.

While SiO; exhibits rather low density of defect, due to its particular
structure, high-x dielectrics have substantially larger defect densities,
leading to dominant defect related conduction mechanisms, mainly Poole-
Frenkel field enhanced thermal emission of electron from traps Error!
Reference source not found..

Another feature of high-k dielectrics is the presence of an interfacial
layer (typically between 1 nm and 4 nm thick) between it and the
semiconductor substrate Error! Reference source not found.Error!
Reference source not found.. Presence of such a layer substantially
modifies the characteristics of the devices, as regard to the case of single
dielectric layer. Dielectric stack high-k/interfacial layer is to be considered
instead of single dielectriclayer. In the case of silicon substrate, an ultrathin
SiO; layer is formed. Leakage currents for metal-insulator-semiconductor
structures can be determined using the model that we described in details
in Error! Reference source not found.. It has been shown that interfacial
layer plays important role in the determination of the properties Error!
Reference source not found. of the stack, and optimization of the
thicknesses ratios in the stack allows benefiting from the high effective
dielectric permittivity simultaneously with low level of leakage currents.

3. Modified Terman method for determination of D;

Several methods of determination of the distribution of interface states
over the forbidden gap of the semiconductor have been developed and are
in use for characterization of microelectronic devices Error! Reference
source not found.Error! Reference source not found.Error! Reference
source not found.. In Error! Reference source not found. we discussed
the issue of their applicability in the case of nanosized high-k dielectrics.
Based on our results for structures containing hih-k dielectric Error!
Reference source not found. it was concluded that serial C-R
measurement mode is more convenient for characterization of such
structures than the dominantly used parallel one. Further refinement of the
results is obtained using correction method for measured C-V and G-V
curves at a given frequency (f) for the effect of leakage currents and serial
resistance Error! Reference source not found..

Terman method using single C-V curve has several advantages over the
other methods considered for determination of the distribution of interface
states. The main advantage is that the complicated effects of leakage
currents on the characteristics at lower frequencies are avoided.
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The main question arising in connection to the results obtained by this
method is whether the results for nanosized dielectrics are equally correct
as in the case of dielctrics with thicknesses > 10 nm. In this paper we
discuss the issue of the effect of quantum charge in structures containing
nanosized dielectrics. In addition, we attempt to clarify the known issue of
the nature of exponential tails in the distribution towards the band edges.
New results for nanosized dielectrics allow as reconsider this issue from a
new viewpoint. Based on all results, discussion on the origin and location
of interface charges is provided.

When voltage is applied on the structure, bending of zones in
semiconductor occurs, leading to the formation of a quantum well in
semiconductor at the interface with the dielectric (figure 2). At positive
gate electrons occupy states in the well, while at negative gate, holes. This
results with presence of quantum charge (Qq) in the structure located in
semiconductor substrate near the interface with the dielectric.

electrons

Fermi level

g ; semiconductor
e ﬂmiconductor high-k \
dielectric dielectric —

Fermi level

™

holes

Figure 2. Quantum charge for positive (a) and negative gate (b).

As we shown in Error! Reference source not found., the voltage on
the structure (gate voltage) in the presence of a quantum charge (Vg4) is:

Vyq =Voxg TV +V =V, +Vg +V, +&Qq =V, +&Qq, (1D

[0)8 [0)8
where Vi q is the voltage on the dielectric layer along with the voltge drop
on the quantum charge region, Vg, is the flatband voltage, Vo« is the voltage
on the dielectric layer itself and Vs is the surface potential in the
semiconductor substrate, do is the dielectric layer thickness and & is its
permittivity. V; is the voltage that will be obtained on the structure in the
absence of quantum charge:

Vg =Vou + Vg, +V. (2)

Surface potential is determined using following implicit relation Error!
Reference source not found.:
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12 2 12

V=V, -V, —%(ZkTpoqj deq{exp[_quj+qu—l+[n‘j (exp(qu)— av; —1)]
Eo\ 0 & kT kT Po kT kT

: (3)
where &; is the dielectric permittivity of the semiconductor substrate, po is
the majority carrier density (holes in p-type), n; is the intrinsic carrier
concentration in the semiconductor, k is the Botzmann constant, q is the
electron charge, T is the absolute temperature and deq is the equivalent
oxide thickness determined as:

—%s0 g 4
h Cox ( )
where S is the electrode area and C is the capacitance of the insulating
layer itself.
Energy position inside the semiconductor bandgap (E), corresponding
to given Vs, is calculated as

d

E=qV, +kT |n(&J. (5)
n;

As we found in Error! Reference source not found., for high-k
dielectrics with equivalent thicknesses as low or lower than 6 nm, for the
quantum charge an expression of the following type can be used:

g

Q, =k, dox oxs

eq
where kq is a proportionality factor having value close to 1.

In the standard Terman method ideal C-V curve Error! Reference
source not found. without taking into account quantum change (QC) is
used as reference curve (Vgiq, figure 3, dotted line). Stretch-out of the
measured (V,, figure 3, solid line) compared to the ideal C-V curve (AV,) is
further determined for each measurement point.

(6)
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Figure 3. Curves used in Terman method.

In the standard method, following expression is used for determination
of interface state densities:
C.. div, -V, Cc.. dAV
Dy :Dit(vs): e ( ? gYId): 20x <, (7)
q°S dv, q°S dv,

In our modified method, correction for the quantum charge is done
using expression (1). Thus obtained C-V curve with QC is also shown in
figure 3 (dashed line). Then, the interface state densities are determined as
_ Cox d(vg,q _Vg,id)_ Cox dé‘AVQ

= = : 8
g°’s  dv, q°S dV, )

Dit = Dit (Vs)
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Figure 4. Distributions of interface state densities obtained by
standard and by modified Terman method over the silicon forbidden gap,
between the top of the valence ban (Ev) and the bottom of the conduction
band (E).

In figure 4 an example is shown with results obtained by standard and
modified Terman method for metal-insulator-silicon structures containing
atomic layer deposited multilayered HfO,/Al,O3 stacks studied in Error!
Reference source not found.. Standard method results in appearance of
exponential tails towards the band edges. In the middle of the forbidden
gap, the results obtained by these methods are comparable. Therefore, for
usually used value of the interface state density at midgap, standard
Terman method gives relatively correct value. However, for determination
of total density (integrated D;; over the bandgap) and the precise shape of
the distribution, modified method has to be considered. This issue will be
discussed in the next section.

3. Discussion on the origin of exponential tails in distribution
obtained by standard Terman method

Tails in the Dj distribution towards the band edges obtained by
standard Terman method have been in many cases matter of debate.
Although similar features are obtained while using the high-low frequency
method Error! Reference source not found.Error! Reference source
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not found., other more refined methods, such as: deep level transient
spectroscopy (DLTS), three-level charge pumping and spectroscopic
charge pumping, do not show such tails Error! Reference source not
found.. Indeed, tails have been observed using electron spin resonance
(ESR) Error! Reference source not found., but they are rather narrow
compared to the tails obtained by standard Terman method. In some works
the tails were attributed to the presence of continuum of states located near
the band edges Error! Reference source not found.. Our results obtained
using modified Terman method suggest that these tails are most probably
due to the contribution of the quantum charge in the Fermi level difference
across the metal-insulator-semiconductor structure, and hence on the
value of the measured gate voltage. Namely, additional voltage drop on the
quantum charge region gives a contribution proportional to the oxide
voltage, as expressed by equation (6). Thus, the value of D;; obtained by
standard method is higher than the real one by:

Ditsc ~%-
‘ dV

S

(9)

Electric field in the dielectric at the contact with the substrate is
determined as Error! Reference source not found.:

KT p, ) Vv, ? V) qV. B
onzﬁ —&q exp(_q j+q L exp(q j avs 4
Eox \ O & KT kT Po kT kT

(10)
Close to the ban edges, the expression (10) for E,x can be approximated

as follows
qVv, 2kT
e V _—
e zﬁ(ZK_T&qTZ (DOJ Xp(szj 2
o 4 s m@[ZEng —Vs>>gEI
2KT q
(11)

Therefore, close the both band edges,

~ exp[qw IJ a2

2KT

D, ~ Vo _GEy _ d (qwlj (QNIJ 13

and hence

“Codv. dV. dV 2kT 2kT

S S S
Based on above, it is expected in the semi-log plot Vs-In(D;) the values
of the slopes of the tangents close to the band edges to be 2kT/q =~ 50 mV at
room temperature. In the semi-log plot E-In(D;) the values of the slopes of
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the tangents close to the band edges will be about 50 meV. The value
obtained from the figure 4 close to the top of the valence band of about
55 meV is in accordance with the expected one. This is an additional proof
that the tails are due to the quantum charge, rather than to real exponential
distributions of interface states close to the band edges (continuum of
states).

3. Discussion on the nature and location of interface traps
Observed maxima in D;; distribution obtained by modified Terman method
(figure 4) are close to the values reported for peaks in EPR spectra of SiO»,
0.32 eV and at 0.83 eV, which have been attributed to Py, defects at the SiO2-
Si interface Error! Reference source not found.. In the first works Py
defect at the Si(111)/SiO. interface, was described as oriented silicon
dangling bond pointing out of the silicon into the oxide Error! Reference
source not found.Error! Reference source not found.. In Error!
Reference source not found. two type of P, defects have been identified:
Pyp1 (similar to Py) and Pyo (chemically different from to Py). In theoretical
studies three possible structures for P,; defects have been proposed:
strained dimmer model, oxygen bridge model and asymmetrically oxidized
dimmer model Error! Reference source not found.. Positions of each of
the peaks for Py1 and Py are close to each other Error! Reference source
not found., and hence their individual effects in the hardly identified. Thus,
on the E-Dj; curves only two separate peaks due to Py, defects are observed.
We have obtained similar results for various dielectric stacks Error!
Reference source not found.Error! Reference source not found. on
silicon. Mainly two picks at around 0.3 eV and 0.9 eV above the top of the
valence band are observed. The above finding indicates that the origin of
interface states in various stacks is merely the same: Py, defects in SiO; at
the interface if the dielectric with the silicon substrate. The reason for this
is that only defects close to the substrate can be charged and discharged at
low voltages used in C-V measurements.

Conclusions
Modified Terman method using single high-frequency C-V curve
accounting for the effect of the quantum charge allows precisely
determining the distribution of the interface states over the entire
forbidden energy gap of the semiconductor. Even if the structure of the
dielectric stack can be rather complicated, it appears that the dominant
contribution in the interface state density is that of the Py, defects located
in the interfacial layer close to interface with semiconductor surface.
Exponential tails appearing in the results obtained by the standard
method appear to be an artifact of the method due to the neglecting of the
effects of the quantum charge.
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Abstract

This paper is devoted to the mean field theory of structural phase tran-
sition of o model of anharmonic solid, with applications in nanophysics.
The model consists in o rectangular lattice, in an arbitrary number of di-
mensions, of qguantum enharmonic (quartic) oscillators, interacting with
their nearest neighbors by elastic forces. The critical equation of the tran-
sition is obtained using the theory of dielectric susceptibility. In order
to use o mathematicolly tractoble model, the quartic potential - initially,
o symmetric two well potential - is replaced by a similar, but workable
one - a rectangular symmetric two well potential. For the energies ond
wavefunctions corresponding to lowest stotes we obtain accurate analytical
approximations, which maoke possible the evaluation of the dipolar motriz
elements, essential ingredients of the criticel equoation. A simple expres-
sion is obtained for this equation; its classical limit is also deduced. Our
result is similar, in porticular cases, with those obtained analyticolly by
Scalapino and his co-workers and numericelly by Bishop and Krumhansl.
The applications in nanophysics ore discussed.

1 Introduction

The anharmonic solid - and, particularly, the solid with ¥* anharmonicities - is
a system of utmost interest in condensed state physics, both for fundamental,
and for practical reasons. One of the very interesting problems in the context of
the anharmonic solid is the structural phase transition. It is important not only
from the perspective of its applications in ferroelectricity, but from the more
general perspective of the theory of phase transitions. Actually, it provides a
relatively simple model of such a transition, with real order parameter.

There are at least two approaches of this kind of phase transitions. In one of
them, the starting point is the Ginzburg - Landau functional of free energy [1];
in the other one - a polynomial Hamiltonian [2], [3]. The statistical behavior
of a n—dimensional solid described by a Ginzburg-Landau functional can be
obtained using the transfer matrix theory [4], from the calculation of the energy
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of the first levels of a Hamiltonian of a quantum n — 1—dimensional system,
with quartic anarmonicities. So, a classical system, in n spatial dimensions, is
equivalent with a quantum system, in n — 1 —dimensions. These two systems,
sometimes called dual systems, describe quite similar objects - aggregates of
classical, respective quantum oscillators. A well-known example of such aggre-
gates is that studied by Stoeckly and Scalapino [5], [6], where the evaluation
of the partition function of a planar system of coupled chains, composed by
quartic oscillators, is reduced to the study of a chain of quantum anharmonic
oscillators. If the coupling between quantum oscillators is weak, the 1D Hamil-
tonian can be transformed in a fermionic Hamiltonian, similar to that obtained
by Schultz, Mattis and Lieb, in their study devoted to the Ising [7], in vari-
ous variants of the Luttinger model or in other 1D [8], [9], [10], [11]. These
1D systems have interesting theoretical and experimental applications, and it
is useful to compare them with other exactly solvable atomic [12] or magnetic
models [13]. Consequently, the ¥* anharmonic solid can be linked to a large
class of models intensively studied in the theory of condensed matter, including
the Ising model.

After remarkable theoretical progress, which produces, in the ’70s, a lot of
exact results, the following decades were dominated by numerical investigations,
for instance [16], [17], [18]. In more recent papers, some authors use both nu-
merical methods, and analytical approximations [19], [20], in order to obtain a
better understanding of such systems. A model which extends the Ginzburg-
Landau theory beyond the linear chain approximation was proposed for systems
where both the nearest neighbor interaction and the near next neighbor inter-
action is taken into account [21]. The transfer matrix theory was applied in the
analytic study of thermal or quantum phase transitions in low dimensional sys-
tems, in with or without external fields [24]. A critical analysis of these results
was be done by Lungu [29].

If the aforementioned analytical results mainly refer to low dimensional sys-
tems, the 3D anharmonic systems were investigated with less rigorous theoretical
methods, the most frequently used being the mean-field ones; actually, this situ-
ation is quite common in solid state theory. As it is well known, the mean fields
approximations give good results for the structural phase transitions [2], [3].
The model to be discussed in this paper is a d—rectangular lattice of quantum
anharmonic (quartic) oscillators, interacting by elastic forces with their nearest
neighbors. In principle, the model can be studied for any value of d, but for
d = 1, it gives incorrect results, including a spurious phase transition. Even if
the model is a quantum one, the classical case can be easily obtained, taking
the limit 2 — 0.

In this paper, we shall consider only the case of the real order parameter.
The physics described by such a model of anharmonic solid is quite simple.
In an one-dimensional picture, the particle situated in a lattice point can be
placed in one of the two wells of the anharmonic potential, "to the left" or "to
the right", if the magnitude of the well - having the dimension of an energy
- is large enough, compared to the energy of thermal fluctuations. If one of
these position is "preferred" by the particle, the system is in an ordered state;
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if the positions are equivalent, the state is disordered. For shallow wells, the
system can become "polarized", in the sense that the particles can "slip" in
the same direction. In this case, a "soft mode transition" occurs, at a certain
temperature. For deep wells, the system undergoes an order-disorder transition,
and is equivalent to an Ising model. The interplay between temperature, particle
mass, dimensionality and potential strength define the critical equation.

The main goal of this paper is to obtain an analytical approximation for the
critical equation describing a model of quantum anharmonic solid in 2D or 3D.
We shall follow a mean-field approach [19], [20], and we shall use, in order to get
the critical temperature, a formula which requests the finding of the electrical
susceptibility of the model [30]. We can use this formula only if we know the
wave functions and the eigenenergies of the bound states inside the wells of the
anharmonic potential, which has two minima. It is well-known that, in spite of
its apparent simplicity, the problem defies an exact solution; more than that,
the Rayleigh - Schrodinger perturbation series, in the coupling constant of the
quartic term, diverges, for any of the bound states [31]; a quite recent review of
the results obtained in this domain can be found in [32].

In order to obtain an analytic approximation, the quartic potential must
be replaced with another one, more suitable to a simple treatment; a reason-
able candidate is the symmetric double rectangular well. Actually, even this
simpler problem cannot be fully treated analytically: the wave functions have
a simple form, being combinations of exponentials with imaginary or real ar-
gument (exp (£kz), exp (+ikz)), but the wave vectors cannot be obtain ex-
actly; however, several semi-quantitative approaches have been proposed [33].
In this paper, we shall present analytical approximations for obtaining the eigen-
wavevectors, using an original method. We are, actually, in a fortunate situation,
when the knowledge of the eigenvalues of the wave vectors allows the knowledge
of eigenfunctions. The case of very deep wells generates a well studied model,
equivalent to an Ising ansambe of spins, and will not be treated here.

The structure of this paper is the following. In Section 2 we shall shortly
introduce the anharmonic solid model. In Section 3, we shall obtain a formula
for the dielectric susceptibility, which shall be used for the evaluation of the
critical temperature. Section 4 is devoted to a detailed study of the double
symmetric rectangular well; in Section 5, we shall obtain the critical equation.
Section 6 contains final comments.

2 Models of anharmonic solids

There are, of course, many models of anharmonic solids - actually, as many
as interatomic potentials can be imagined. One of the most appealing is a
simple one, proposed in the pioneering age of the ferroelectricity theory [34], [35],
[36]. It consists of a rectangular lattice of on-site quartic quantum oscillators,
interacting with their nearest neighbors by elastic forces. It is described by the
Hamiltonian:
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P2 A s B i i 2
H=Dgy~ g LNt gLt g o (Xl ()

where 0, v = 1 for nearest neighbors and 0 otherwise. The model can be used
both in the classical, and in the quantum case. We shall study the quantum
case, and we shall obtain the classical one in the limit # — 0. In order to
avoid physically irrelevant complications, we shall consider the isotropic case;
the anisotropy can be easily introduced, if needed. The system displays a phase
transition, if its dimensionality is larger than 1, d > 1. For d = 4, the model
gives the exact values of critical indices.

It is convenient to define dimensionless parameters of length, temperature

and mass:
B B C A2
H=y g% = g5t = g @)

as well as a parameter characterizing the ratio between the on-site and inter-site
potential:

a= C (3)

For small values of a, the wells are shallow. This is the most interesting sit-
uation, for physical point of view, and it will be investigated in the present
paper. For larger values of the parameter a, there are several excellent analytic
approximations for the deep levels of the wells, including WKB.

Both for deep and swallow wells, the area of the surface delimited by wells
and bump, in the =z — V () plane, are comparable, for the usual choice of
coordinate system; in the case described by (1),

A B
Viz)= -Z2%+—a*
(B = =g 1
Taking into consideration this fact, we shall be able to make a realistic choice of
the rectangular potential (double symmetric well), as an reasonable approximant

of the potential V () of the aforementioned formula.

3 The dielectric susceptibility

In this section, we shall obtain a formula for the dielectric susceptibility of the
system, which will allow us to find, in the mean field approximation, the critical
temperature of the phase transition underwent by the system described by the
Hamiltonian (1).

For the beginning, let us consider that the Hamiltonian describing our system
may be written as the sum of an exactly soluble Hamiltonian, Hg, and of a
perturbation V :

H = Ho+V (4)
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The eigenvectors and the eigenvalues of Hg satisfy the equation:

Ho |n) = B |n) (5)

In the second order of the perturbation theory, the energy of an eigenstate of
the Hamiltonian H is:

[(n] ¥ |m)”

E —E(O)+(n}V|n +ZW

m#£En

(6)
If

V=-Fz (7)

is the potential energy of a particle situated in an external field (which can be
an electric field) 7', the equation (6) can be put in the form:

Ep= E® _ F (naln) + 72 S L0lziml 8
SRR E<°> ®)

and the quantum average of the dipolar momentum will be given by the expres-
sion:

ok,

— 9
5 (9)
The dielectric susceptibility is given by:

Pi=-—

8P,  E. T 2|(n| z |m)|?

Its statistical average is:
1 2|(n| = |m)|”
=__ _gE@) 22
X Zo Z#: exp( BEY ) 5O _ O (11)

where Zj is the partition sum corresponding to the Hamiltonian Ho:

Zexp ( E(O)> (12)

At T = 0, formula (12) takes a simple form. If T — 0, the canonical
distribution function p (E,) :

p(En) = 5 exp (~BEy) = exp[B(F — )] (13)

with F =U — T8 = —TIn Z is the free energy, U = (H) - the internal energy
and S - the entropy, can be written as:
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U-Ey Ey-FE,

(14)

Taking, in this expression, the limit 7 — 0, noticing that limr_o U (T) = Fjy
and that, according to the third principle of thermodynamics, .5 (0) = 0, we get,
for the distribution function, the following expression:

’.Il‘imop (En) =p (EO) = OaEO‘En,O (15)
where dg,_g,,0 is the Kronecker function:

5 _[1,By=E,
Tt 0, Bo# B,

and C - a constant, which can be obtained from the normalization condition,
> P (Er) =1. This gives C' = 1/go, where go is the degeneration of the ground
state, which has always the value go = 1. The physical meaning of the rela-
tion (15) is the following: if T — 0, the canonical distribution tends to the
microcanonical one, corresponding to the ground state.

Finally, we get the following formula for the susceptibility:

(16)

2
X(T=0=%" —QE'ES)' xgzo) (17)

m

It is, as expected, a positive quantity, as ET(,?) - ESO) > 0 for any m > Q.

3.1 The susceptibility and the phase transition

Let us presume that the Hamiltonian has the form:

o T (YT ()
(18)

In the mean field approximation, we make the replacement:

(Z :cnanm) —d4d{z)=F (19)

where F is the effective field, which behaves as an external electric field. So,
(15) becomes a sum of non-interacting Hamiltonians:

1 a a
H_Z[—%V%(Qd—a) xi—&—zmi—an =Ho+V  (20)
n

with
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e ay 2 %4
Hozznj[_%v”(gd_g) T+ 7% (21)
and the physics of the system can be obtained from the one-particle Hamiltonian:

2

HMF:fQV—er(Qd—%) x2+%x4fozH$)Ffo (22)
where we put
(0) 7 ay 2, @ 4
HMF:7%+(2d4§)x F (23)

The average of the reduced coordinate z is given by:

1 10nZ
(a) = 7 Tr (-6 (Ho - Fa)) = 322 (24)

with
Z =" exp(-BEn) (25)

The condition (24) is a self-consistent equation for (), as this expression
enters also in the expression of Z. The phase transition is given by the condition
{(z) = 0. It will be put in a more convenient form in the next paragraph.

Taking the derivative with respect to {z} in the both sides of equation (24),
we get:

2 2
1:i81nZ :ga anZ (26)
B, 0 {x)OF (z)=0 B, OF (2)=0
where we put, according to (19),
F =4d{z) (27)
In the same time:
8InZ _p 1oz (102 ? B
OF? P Z OF? Z OF B
(z}=0 (x)=0
=8 [ = @] o= @9
Consequently, the critical equation (24) can be written as:
1=4dB, (z)| fefien (29)
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Coming back now to factor AC/B, previously omitted for reasons of simplicity,
and replacing the reduced coordinate ¢ with the physical one X, we get:

1= %C’()@)

- (30)

(X)=0

where T, is the critical temperature of the phase transition.
The susceptibility of this system can be obtained as derivative of {X} with
respect to the effective field F. We get from (24):

8(X)
X=5F

As the condition F = 0 is equivalent with (X} = 0, using (28) and (29), we
obtain the condition:

= b <X2>|F:0 (31)
F=0

4dCx =1 (32)

This relation is remarkable, because the phase transition in the system (18) can
be obtained only the simpler, "unperturbed" Hamiltonian, Hy, defined in the
equation (20).

In spite of the simplification produced by the mean field approximation, even
the problem of obtaining the eigenfunctions and the eigenvalues of this "sim-
pler" Hamiltonian, necessary for the evaluation of the matrix elements entering
in (11), is not very simple. Actually, there are no exact solutions, and the ap-
proximate ones refer to the very deep wells only. For shallow wells, which are
essential for the understanding of the phase transitions in ¥* systems, the only
way of obtaining analytical results which could be used in eq. (11) is to obtain
an exactly solvable, two well potential, and the most convenient one is the two
well rectangular symmetric potential.

4 The two well rectangular symmetric potential

We shall define the potential of the double rectangular symmetric well consider-
ing that the origin of the energy, i.e. the level ¥ = 0, corresponds to the upper
level of the two symmetric wells:

V(z)=-V, V>0 (33)

for —a-f <z <-5U8 <2< bta,andzerofor -2 < z < 2. For|z| > 2+q,

the wall is impenetrable, in other words V' (m > % + a) =V (:c £ —% - a) = oo.
The potential is symmetric, so the eigenstates have well determined parity. Also,
the states with negative energy (E < 0), in other words, the states "inside the
wells" must be described separately from the states "outside the wells", which
are the states with positive energy (E > 0). Much effort was invested recently
in obtaining analytical approximations for symmetric and asymmetric square
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wells, with homogenous heterostructures or with BenDaniel - Duke boundary

conditions [37], [38], [38], [39], [40], [41].
4.1 E<O0: even states, the eigenfunctions and eigenener-
gies

The wave function for even states are:

2 2m(=|E|+V)

. b b b
we(:r):A831n]f8(a+§—x>, g <z<atg, ke = (34)
8, () = Beohgan, 0<ez ), 2=2TIH (35)
2 K2
Ve (2) = e (-2) (36)

It is convenient to use, for the potential, alternatively with the quantity V, the
quantity v too, defined by the relation:

2mV

B2’
This quantity has the dimension of a wave vector. The continuity of the wave
function and of its derivative in x = /2 gives the following relations:

@+ k2=v2= V>0 (37)

b
A, sink.a = B, cosh Yoy (38)
; b

— Ak, cosk.a = q.B,sinh Gegy (39)

and the eigenvalue equation has the form:

1 qeb
—tank.a = —— coth— 40
S ank.a . co 5 (40)
The wave function is normalized if:
1 a b q I . a . 2bge
B—g:§+z+(1+k_§) (4—%smhbqe+§smh 5 (41)
and:

11 sin’kea _ (42)

A? B% cosh? %b

2

1 k2
2 o2 ginh? b2e 2 2 bg.
BZ ¢2 sinh® Z2= 4 k2 cosh® 22
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4.2 E<0: odd states, the eigenfunctions and eigenenergies

Similarly to (34), we have, in the odd case:

b b b
¢o($)=Aosinko(a+§—a:>, §<:c<a+§ (43)
- b
¥, (z) = Bosinhgoz, 0< 2 < 3 (44)
Yo (_:C) = -9, (:C) (45)
The continuity conditions give:
. . 1 gob
A, sink,a = B, sinh 5 (46)
gob
—koA, coskoa = q,B, cosh 5 (47)
Consequently, the eigenvalue equation is:
1 b
—tank,a = —— tanh e (48)
o Go
The wave function is normalized if:
1 a b q° 1 . a 9 bg,
— == — - 1+-2)(-—sinhd —cosh” — 49
B? 5 4+<+k§><4qosm qo+2cos 5 (49)
1 k2 1
5 (50)

= 2 gob - 12 bg,
A2 g2 cosh qT+kg sinh —g~B§

4.3 E>0: even states, the eigenfunctions and the energies

In this case, instead of the relations (34) - (36) we shall have:

b b b
¥, (z) = Aesink, (a—!———x), —<z<a+ -,

2 2 2
kﬁ:w,Ew,vx) (51)
b (@) = Beconger, 0< <y, 2= 2nr (52)
Yo (—2) =¥, (2) (53)

K2 = Qm(}_;}z—l- V) _ iy W 27;;1/
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The continuity conditions give:

b
A, sink.a = B, cos % (54)
. Geb
—keA.coskea = —q.Bsin - (55)
and the eigenvalue equation is:
e geb
tan k.a = — cot 56
ank.a -y co 5 (56)
The wave function is normalized if:
1 b a [1 . a . 5qeb g
— =+ = b= gin® 2| (1 =22 5
B2 4+2+[4qesmqe 2 79 ] ( k?) (57)
I 1 1 1 1 (58)
A2 B2cos? 922 14+ % tan? 922 B2 cos? 923 + % sin’ 923
4.4 E>0: odd states, the wave functions and energies
We have, similarly to the previous formulas:
. b b b
P, (x) = Ao sink, atgz-z), g<z<atg (59)
. b
P, (z) = B,sing,z, 0 <z < 5 (60)
Yo (—2) = —¢, (2) (61)
The continuity conditions give:
. . Gob
A,sink.a = B, sin o (62)
gob
—ko A, cos koo = goB, cos - (63)
and the eigenvalue equation has the form:
k Gob
tank,a = ——2 tan —— 64
. 5 (64)
The wave function is normalized if:
il b «a 7> 1 . a Gob
e o] Tl | oS | s b goptiias 65
B2 4+2+( +k§) (4qsmqrO +2cos 5 (65)
sin 222
A;=B 2 66
° °sin koa (66)
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4.5 Approximate solutions for a shallow well

From the perspective of the applications into statistical mechanics, it is impor-
tant to have a precise description of about the first bound state - i.e. how the
first level of negative energy - shows up. We shall find, for this fact, analyti-
cal approximations for the energy eigenvalues. We shall investigate firstly the
negative, and afterwards, the positive energy states.

4.5.1 Negative energy states

It is easy to check that the eigenvalue equation for negative energies have solu-
tions only if:

T
min — 5 _ 6
v >v % ( 7)
With
= 22 (68)
and
T
= — 69
v=gote (69)

the eigenvalue equation for negative energy is:

N zb s
—— coth — (— 8)
G 2 \2¢a *
because the root of the equation corresponds to a very small value of z, and the

value of the function coth is quite insensitive in the vicinity of the value of - :

tana(g—l—l—a) 1-22=- (70)

T i zb 1 bz
tana (— +8) = —cotae = ——coth—— = ——coth —
2a 2 2 2a z 4da

Keeping only the first term of the series expansion, we get:

46? q T
2 _. - 2 o
St T ¥yt
Consequently:
2 _ 1 :f( _l) A ] 71
=3 e\ g) YRy VT 0 Ly
and:

5 2m|E| B R w22 wh
— e R e o — (-
1= "h2 > Imb-  dabm  by2m
The minimum value of the potential V, beyond which the first state of
negative energy shows up, is:

VV <0 (72)
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52 2 52 2
VUmin = 2_7;, Vanin = R —W (73)

2m 8ma?

It is interesting to compare this minimal value with the energy of the first level
of an infinite rectangular well of width L = 2a + b:

h2 2
B =T
2m (2a +b)
Consequently:
Viin 12 7% 2m(2a+b)°  (2a+b\° 1L b ? (74)
E1(°°) © 2m 4a? h2n2 N 2a B 2a

So, the potential which produces the first state of negative energy is comparable
with (actually, slightly larger than) the energy of the first level of the infinite
rectangular well of identical width.

4.5.2 Positive energy states
Even states In the new variable z, the eigenvalue equation (56) is

1 2 b
tanavy/ 1+ 22 = J%cot % (75)

Numerical considerations concerning this equation show that it can be re-
placed, with minor consequences on the accuracy of the solutions, by its "as-
ymptotic" form, i.e. the form reached by the approximation:

V14 22
z

~1 (76)

so, the eq. (75) can be replaced by:

b
tanavy/1 + 22 = cot % (77)

Looking for solution in the neighborhood of ¥min = 5, we have:
tanzvl—{—z?—cot——b—tan— 1_z_b (78)
2 2 2a 2 2a
Consequently, we obtain the following quantization condition:

2\/1+z2——(1—z—b)= \/1+z2——+zz—b=nﬂ' (79)

2 2a 2 2 22«
or:

Vit 2= (n+1)-2 (20)

2a

The equation can be also written as:
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bEN 5 b 2

The root relevant for our problem is:

dn(n+t1) da?_b2
b L+ G o -
2a

2= 2n+1 &2
a=(nt1) " (€2)
The factor

dn(n+1
fimy = T2 (53)
(2rn+1)
is very closed to 1, even for small values of n :
8 24 48
1) =—; 2) = —; 3)=—
and the expression (82) for z, can be put in a simpler form:
O L2 Ep =22V = (2n+ 1) il (34)
B = k3 b om—— =vZz, =iz — n e
402
En=(@2n+1° —=V
= ) (2a +b)°
2m(E+V) 72 T w2h2 T h?
02 O TV e % il T T s T W T
€ h2 %8s B 4a2+€a’ 8ma2+€a2m

Odd states Following the same steps as for the even states, we get, instead
of (84), the following result:

2n 1 5 2a 1

1+2 4n 2atb dn

(85)

B =

4.6 The symmetric rectangular well and the physics of
quantum wells and quantum dots

We shall discuss now another application of the symmetric rectangular well,
which can be developed using the method outlined in the previous subsections.
Actually, we shall describe some applications in nanophysics of the simple quan-
tum mechanical problems, where various types of rectangular potentials are in-
volved. The simplest example is provided by the finite rectangular well, which
is a useful starting point for understanding the physics of quantum wells and
quantum dots.
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A quantum dot can be sometimes described as an atomic cluster, of quasi-
spherical shape. Such clusters are stable for some Magical numbers", taking
the values 55, 147, 309, 567 etc. Elementary considerations - similar to those
used in nuclear models - shows that the radius of a cluster is proportional to
the cubic root of the number of atoms:

R=aN/3

where is close to the atomic radius, of order ~ 0.1nm. So, a cluster of about 10°
atoms has a radius of about 1nm.

From these dimensions we can speak, at least in the central part of the
cluster, about a regular pattern of atoms, which becomes, if the number of con-
stituents increases, a lattice with a certain symmetry. Of course, for a cluster
the quantum size effects are very important, and strongly influence the band
structure of the nano-object. These effects are important when the cluster di-
mension is comparable with A the electron wave length, or smaller. For electrons
in metals, A ~ 0.5nm, but in semiconductors, where the effective mass can be
much smaller, ! can be much larger, A ~ lum. The semiconductor clusters are
particular cases of quantum dots. As the electrons are confined in a small space,
their energy is affected by quantum size effects.

Other examples of quantum dots are cubic - or rectangular - cavities. In
spite of the differences between spherical or rectangular cavities, the mathe-
matically methods for obtaining the wave functions and wave vectors are quite
similar. The similarity between the 1D catresian wave equation in a rectangular
geometry, and the radial equation in a spherical geometry, are more pronounced
for low values of quantum radial number I, and almost identical for I = 0. So,
the results obtained for rectangular wells can be easily transferred to spherical
cavities of zero angular momentum.

The double quantum dots are aggregates composed by two quantum dots,
used as constitutive components of a large number of electronic or opto-electronic
devices. If the shape of each quantum dot can be approximated with a paral-
lelepiped, the "artificial molecule" formed in this way can be studied using the
model of the rectangular symmetric two well potential. So, the methods used
to get analytical approximations for the particle energy in such potentials have
interesting applications in the physics of quantum dots.

5 The critical equation

5.1 Dipolar matrix elements

For symmetry (or, better saying, parity) reasons, only the matrix elements of
the coordinate z between the ground state (which is an even state) and odd
states of positive energy are non-zero, so we have to evaluate integrals having
the form:
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a+b/2
< T >ep=2 / 2@ (2) @ (z) dx (86)
0

where n refers to odd states. The previous notation (57) is slightly modified,
being replaced with:

@io)(m):Ansinkn<a+g—x), g<$<a+g (87)
©) () — B, si 4
Py () = By singnz, 0<33<§ (88)
Also, for even states:
b b b
P& (g)= Asink (a+-—z), = <z<a+= (89)
2 2 2
©) b
P** (z) = B coshgz, 0<33<§ (90)
In the lowest order in &,
2 _ 2_ .2 o2_ .o T __ (T\? 1. 1
¢ =—¢g;, k=v"—¢q¢°=v bg_(2a> €7T<a b) (91)
T2 1 1
T 1 1 T 1 1
Z%[1+2a€(a—g):|:%+€ﬂ(a—g> (93)

Also, in the lowest order in e, we can use the following approximations:

1
coshgr =1+ “Tea? (94)

sin k (a 2 :c) = (95)

= cos lé—ll‘ +em .= a—l—k—x sin lx—lé
B 262  2a a b 2 2a 2a 2

However, the e —dependence of the matrix elements is irrelevant, compared
to the exponential factors, so the matrix element can be written as:

1
5 <@ >en=BBulo+ il (96)

with:
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b/2
I :/ z singx dx (97)
0

and:

B Tb T b
I, = —— — —z | sink? ——z)d 98
/b/2 xcos(2a2 an) sink,, (a+ 5 :n) x (98)

As the quantities ¢2 = ¢, (e =0) and k2 = k, (¢ =0) depend only on well
geometry, more exactly on ¢ and b, not on the mass m, they are just numbers,
playing a peripheric role in the expression of the susceptibility. However, these
formulas are not taken into consideration in the present paper, where only the
dominant term in the susceptibility formula will be considered.

5.1.1 The critical temperature

The susceptibility is given by the formula:

1[& 2d2,, %, 2d2,
= e () + St e (om0 o

n=1
(99)
where the upper index (o) refers to odd levels. The first term:
ngzo e (o)
_EEBEE o (—6}3 ) 100
5 _ g5, 1 (100)

is always the dominant one.
The statistical sum can be approximated by the expression:

1 462
Z = 3 |:193 (0, W,BV) - 1] (101)

where ¥3 is the Jacobi elliptic function. In the lowest approximation:

1 4a?
7 =2 eXP a1 b)? 1% (102)
Concerning the critical equation, we are specially interested in the connection
between temperature, mass and potential - in our case, V. It is close to the value
7/2a, so it can be written as: v = w/2a + . The elements of the dipolar matrix
depend on the well geometry, more exactly on the parameters a and b, but not
on mass or temperature; these quantities enter in the expressions of the energy
eigenvalues. Finally, we get the following expression for the critical equation:

3242
exp (— 3 ,6’V>
36a2 Th w2h2
L2 V 4+ NG T dabm

= const. (103)
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It gives the connection between temperature, through 3, mass m and potential
V. The result is correct for d = 2 and d = 3, but cannot be taken into consider-
ation for d = 1, because, as is well known, the mean field approximation gives
incorrect predictions for 1D systems.

In the classical limit, # — 0 and m — oo, s0 eq. (103) becomes:

1

— ~

T

InV

- (104)

It is quite similar to another result, also obtained in the mean field approx-
imation, for a planar aggregate of coupled Ginzburg - Landau chains ([27], eq.
(43)). A formula similar to (104) was firstly obtained by Scalapino, Imry and
Pincus [42] , using another approach. Numerically, the result was been previ-
ously reported by Bishop and Krumhansl [43]: the dependence between T and
V obtained numerically by these authors, is fitted by a low similar to (104). The
result is also in qualitative agreement with Monte Carlo simulation, worked out
with a polynomial potential [16], [17], [18].

6 Conclusions

The critical equation of the structural phase transition, taking place in a rec-
tangular lattice of quartic quantum oscillators, interacting by elastic forces with
their nearest neighbors, is obtained in a mean field approximation. In order
to get analytical results, the quartic, on-site potential must be replaced with a
similar, but simpler one - the symmetric rectangular double well. We propose
original methods for obtaining the energy eigenvalues, using an approach de-
scribed in [44], [45]. A convenient property of the aforementioned potential is
that, if the energy eigenvalues are known, the eigenfunctions are also known. In
this way, it was possible to evaluate the electrical susceptibility of the model,
and to obtain the critical equation. A similar exercise could be repeated with an-
other simple model of two minima potential - the so-called two center harmonic
oscillator.

The similarity between the result obtained in this paper and other results,
obtained using mean field theory or numerical approaches [46], suggests that
the approach developed here is useful and efficient. It provides, at the best
of author’s knowledge, the first analytical approximation of the bound states
energy in a shallow double well, which also allows to obtain the analytic form of
the wave functions. In this way, this approach can be immediately transferred in
nanophysics [47]. Our results are in accordance with Monte Carlo simulations.
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Exact and approximate analytical solutions of
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Abstract

The recent progress in the theory of generalized Lambert functions
makes possible to solve exactly the Weiss equation of ferromagnetism.
However, this solution is quite inconvenient for practical purposes. Pre-
cise approximations are obtained, giving the temperature dependence of
the spontaneous magnetization, and also the dependence of the magne-
tization on both temperature and external magnetic field. Exact results
and approximants for the inverse Brillouin functions are obtained.

1 Introduction

The Weiss theory of ferromagnetism - sometimes called mean-field theory of
ferromagnetism - is an exactly solvable model "that allows one to study ther-
modynamic functions in detail, in particular their properties near the critical
temperature"[1]. The only element which hampers the possibility of calculating
analytically any thermodynamic quantity is the fact that the equation of state,
which is a transcendental equation involving the magnetization, the tempera-
ture and the external magnetic field, cannot be solved analytically. Recently,
this obstacle has been formally removed, as, due to work of Mezs, Baricz [2]
and Mugnaini [3], the equation of state was in principle solved, using generalized
Lambert functions.

However, these solutions are quite cumbersome and difficult to handle, at
least in the context of experimental magnetism. This is why it is also important
to have, besides the exact solutions, some simpler analytical approximations,
more convenient in practical situations. In the last decades, several analytical
approximations have been obtained for the Brillouin and Langevin functions or
their inverses, with applications in the mean field theory of ferromagnetism [4],
hysteresis [5], [6], polymers (strong polymer deformation and flow), see [7], [8],
(9], [10], [11], [12], [13] or solar energy conversion (daily clearness index), see

[14], [15], [16].
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A precise description of the Weiss theory is important not only for theoreti-
cal, but also for experimental physics. Even if Weiss theory is a very simple one,
it is still largely used in order to obtain important material parameters of ferro-
magnets, like the critical temperature and the Curie constant. The present pa-
per (I) is devoted to the theoretical aspects of the Weiss model, developed from
the perspective of new results obtained in the theory of generalized Lambert
functions and of their approximants. The next one (II), in these Proceedings,
is devoted to the application in the experimental physics of ferromagnetism of
the results exposed in (I).

The structure of the present paper is as follows. In Section 2, we shall expose
the main elements of the Weiss theory and the attempts of solving - exactly or
approximately - the equation of state. The exact solutions, in terms of general-
ized Lambert functions, are presented. In Section 3, we obtain an approximate
but very precise expression of the magnetization as a function of temperature, in
zero magnetic field, involving elementary functions only. In Section 4, a similar
result is produced, for the case of a non-zero external magnetic field. The next
section is devoted to the inverse Brillouin functions of arbitrary spin index. Be-
sides exact results, a simple expression for an approximant, more accurate than
the approximant used in literature, is obtained. A numerical result is discussed
in Section 6. The last section is devoted to conclusions.

2 An outline of Weiss theory of ferromagnetism

The main equation of this theory is the equation of state, see, for example, [17],
(18], [19], [20]:
B -
M (T,H) = MyBs ﬁ(H+AM) , B=gig (1)

describing the dependence of magnetization M on temperature 7" and on exter-
nal magnetic field H. Also,

Mo = NS = NSgpp. (2)

So, Mp is the maximum value of the spontaneous magnetization.
The parameter A is the molecular field parameter, introduced by Pierre Weiss
in 1907, and Bg is the Brillouin function:

Bs (z) = 25 +1 coth (25 ' 133) s coth (im) (3)

28 28
IfS=1/2:

Byjy(z) =tanhz (4)
So, if § = 1/2 and the external field is zero, H = 0, eq. (1) becomes:
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I
M = Mptanh | =——=AM 5
e <2kT ) (5)

This equation has a non-zero solution, and, equivalently, the system has a
spontaneous magnetization M = 0, if the temperature 7 is under a critical
value, namely under the critical temperature T,, given by the following relation

(see [17], egs. (6.18), (6.19)):

N@?
T.=A\—— 6
% (6)
It is convenient to introduce the reduced parameters:

T uH M

t=—, h= = —
T %, T My (7)

as the equation of state (1) can be put now in a simpler form:
t,h)+h

. [b ) = fank ﬁ(_7)+— ®)

If we write the reduced magnetization in zero magnetic field as

m (¢,0) = m (¢) (9)

the equation (1) becomes:
m (t) = tanh mT(t) (10)

Because eq. (10) is sometimes called Weiss equation, we shall also adopt
this terminology in the present paper. It is a transcendental equation, as its
solution cannot be written as a finite combination of elementary functions.

The "Weiss equation" is present in many other domains of physics, not only
in ferromagnetism. In hydrodynamics, it describes the phase velocity of water
waves [21]. In quantum mechanics, it gives the eigenvalue of the wavevector of
a bound state, in several potentials: a d —function in the middle of an infinite
rectangular square well ([22], problem 3.11) or an attractive d —potential with
Dirichlet boundary conditions [23]. In quantum statistical mechanics, it gives
the similar eigenvector, for a Weyl semimetal ([24], eq. (8)), and the gap in
the Meissner effect in gauge-invariant, self-consistent pairing theories ([25], eq.
(5.5)), included also in an open access volume [26]). In heat transfer, it describes
the conductivity of a cooled thin fin [27].

There are several attempts of solving, exactly or approximately, this equa-
tion. An interesting approach is due to Siewert and Essing [28]; it is based
on the theory of complex functions, mainly on the theory of singular integral
equations [29]. It has been systematically applied by Siewert and his co-workers
in order to solve a large number of transcendental equations, involving hyper-
bolic (or trigonometric) and algebraic functions. However, the results obtained
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in this way are not explicit and can be hardly used in practical calculations.
An inventary of problems solved by Siewert and his co-workers, together with
several approximants of their exact solutions, was given recently in [30].

Another approach, invented and re-invented by several authors [31], [32],
puts the transcendental equation in a differential form and writes its solution
as a series expansion. If we define the function ¢ (¢) by

m (t) = (t) (11)
the Weiss equation (10) takes the form:

tanh ¢ (£) = ¢ (¢) (12)

We easily find that ¢’ (¢) can be expressed in terms of the function ¢ (¢) and of
t:

¢ (¢
¢y=—29 (13)
L= <4202 ()
As any higher order derivative of ¢ (¢) has the same property, we can write
down the series expansion of ¢ (¢) near an arbitrary point ¢, as:

¢ (t) = ¢ (to) + ¢ (to) (t — o) + %C” (o) (t — t0)® + ... (14)

This approach has two inconconveniences: (1) we have to check that the
series exists in the neighborhood of ¢ (this is not the case, for instance, if g
is an essential singularity of ¢ () ); (2) the radius of convergence of the series
(14) is quite small, and the expansion must be repeated in the neighborhood of
several points tg, in order to maintain a reasonable accuracy.

Recently, a crucial progress was achieved in solving a large class of tran-
scendental equations, namely using generalized Lambert functions [2], [3], with
applications to magnetism and other branches of physics [21], [33]. Let us men-
tion that the Lambert function W (a) is the solution in x of the transcendental
equation:

ze® = a. (15)

In other words, the Lambert function is the inverse of the function appearing
in the left hand side of (15). Similarily, the solution in z of the transcendental
equation:

o (z —t1) (z —t2) ... (z — tn)

=200 16
(z —s1) (z — 89) oo (& — 8) (16)

is the generalized Lambert function
W (b1, ...tn; S1, S} @) (17)
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One of the beneficiaries of the progress made in the study of generalized
Lambert functions is the Weiss equation. Actually, eq. (12) takes the form:

208 -

O .

o || ot [ =

whose solution can be written as [33]:

t 2 2
m(t)—tC(t)—QW(t, = 1) (19)
where W (%, f%; 71) is a particular case of (17), namely of W (¢; s;a). Clearly,
the parameters ¢, s in W (¢; s;a) are particular cases of the parameters 1, ...¢5,
$1, .8, from (16), (17) and have nothing to do with any physical quantity, like
temperature or spin. At its turn, W (¢; s;a) can be expressed in terms of a
simpler, but similar function, the » —Lambert function, W,. W, (a) is defined as
the solution of the equation:

ze® +rx=a (20)

and can be expressed as a series expansion in terms of Mez6 - Baricz polynomials,
M™ (1] (r + 1)) [2). Also,

W (t;850) =t + W_gexp(—t) (a (t —s) e_t) (21)

So, even ifeq. (19) provides a direct and exact solution of the Weiss equation
for h =0 and S =1/2 (e.g. the dependence of the spontaneous magnetization
of a magnetic monodomain system with § = 1/2 versus temperature), it is
quite unconvenient for practical applications. This is why a simpler analytical
approximation of (19) might still be useful.

An interesting approach in finding approximate analytical solutions of tran-
scendental equations is to approximate the non-algebraic functions involved in
such equations with algebraic ones. In this way, the equation becomes algebraic,
see [34], [35]. For instance, eq. (45) of [34] suggests the following approximation
for the exponential function:

1 oz ., lt+az
5(1_8 )_zl—l—cz’
Even if such an approximation might give useful results when applied to certain
quantum mechanical problems, it is inappropriate for the Weiss equation, as it
cannot reproduce the critical behavior of the magnetization on a large enough
interval.

a=-00572, c=128, 0<z<5  (22)

In the following section, we shall propose a precise approximate analytical
solution of the Weiss equation, inspired from the standard ways of obtaining
physically convenient solutions of the Schroedinger equation.
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3 A precise approximate analytical solution of
Weiss equation
In order to find a convenient solution of the Weiss equation (10) on the interval

(0,1), we shall find out firstly the behavior of m (¢) for m (¢ 2 0) and m (¢ < 1).
So, for t 2 0:

t 2m (t
m(t):tanhmT()zl—QeXp (— m;()) (23)
which can be written as:
2m (¢
2exp(— mt()>:1—m(t) (24)
If we put:
? =u, m=ut (25)
eq. (24) can be written as:
exp (—2u) = —% (u - %) (26)

The most general form of an equation which can be solved using the Lambert
W function is similar to (26):

exp (—cz) =a(x — 1) (27)
and its solution is given by:
1 c
TR +EW(E exp(—cr)) (28)

So, comparing (26) and (27), we have to identify:

t 1
S — R 29
e=2,a 5 T =7 (29)
and we find the solution of eq. (26) as:
1 1 4 2
u—;—l-aW( teXp(—;)) (30)
Consequently:
—ut=14 W 2 (31)
m=ut = 5 S exp | =3
For t 2 0:
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where the higher order terms in the expression of W can be neglected [36].
Hence, we get:

m(tZO)El—Qexp(%) (33)

So, m (t) cannot be written as a series expansion near the origin, as ¢t = 0
is an essential singular point for this function. This mathematical aspect is
unimportant for the physicist, as the correct low temperature dependence of
the magnetization is not exponential, but power-like; it obeys the well-known
"3/2 Bloch law" (see also the eqs. (10), (11) in Ch. 15 of [18], where the previous
result, (33) of this preprint, was obtained under the implicit assumption that
m (0) is finite; the only advantage of the approach just described is that it does
not make any assumption on m (0).).

Near the critical temperature ¢, = 1, the magnetization behaves as

mt<1)~ VIt (34)

So, for the whole interval (0,1), it seems convenient to write the magneti-
zation in the form:

m(t) = (1 — 2exp (-%)) P (t)VI-t (35)

where P1(72) (t) can be approximated, as precisely as we want, with a polynomial
of degree n. As

m(0)=1- P (©0)=1 (36)
we can presume for P1(72) () the following form:
Pipt)=(14+at+..+a,t") = (37)
_ m (t)
(1 — 2exp (—%)) V1-1
The coefficients a1, ... a, can be obtained by solving a linear system of n

equations, obtained for n couples of values (¢g, m (¢5)) . The numerical value of
m (to) for a given ¢y can be obtained solving numerically the equation:

m (to)

m (to) = tanh m

(38)
using (for instance) the FindRoot command of Mathematica. For n = 7, the

aforementioned pairs of values (¢g, m (¢0)) might be those included in the fol-
lowing table:
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to m (to)

0.2 0.9999091217152326
0.4 0.9856238716346567
0.6 0.9073323166453099
0.8  0.7104117834878704
0.85 0.6295014763911393
0.9 0.525429512658009
0.95 0.37948520667808994

Solving the system of 7 linear equations generated by eq. (37) applied to

P(7)

172 () can be expressed as:

each from the 7 above pairs, the polynomial

Pys (t) =1+ 0.60683t — 0.90480¢> + 5.953 1> — 11. 705¢*+ (39)

+13.950t° — 8.8174¢% + 2.292 8¢7

Finally, the reduced magnetization is:

i1 () = (1 iy — (_f)) Vist (40)

(1 +0.60683t — 0.90480¢” +5.953 1t> — 11. 705¢* + 13.950t> -

~8.8174t° +2.2928¢")

Let us remind ourselves that, looking for the form (35) of the solution of eq.
(10), we applied actually an approach systematically used in order to find a phys-
ically acceptable solution of the Scroedinger equation. A wellknown example of
such an approach might be the following: when we are solving the Schroedinger
equation in a Coulombian field, we are looking for a solution which "behaves
well" near origin and at the infinity. It is, in fact, similar to what we have done
here, isolating the behaviour of m (t) near t =0 and ¢t = 1.

The plot of the reduced magnetization m () given by eq. (40) is given in
Fig. 1.
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Fig. 1. The plot of m (¢) according to eq. (39).
If m () satifies (with a good approximation) the equation:
m (t) = tanh m () (41)
it will satisfy (with an equally good approximation) the equation:
m (t) coth mT(t) =1l (42)

The function f (¢) = m (¢) coth (m (¢) /t), with m (¢)given by eq. (40) and
the function g (¢) = 1 are plotted in Fig. 2, for comparison.
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Fig. 2. The plot of f (2) (t) coth @ given by eq. (39) (solid) and

:gﬂZt) =1 (dotted).

It is easy to see that the approximation of f (¢) by g (¢) is excellent. The
largest relative deviation, less than 3 - 10~3, corresponds to a region of little
physical interest, being far away from the critical point of the transition tem-
perature, where the superposition with experimental values should be the most
relevant.

In applications to experimental physics involving temperatures of hundread
of Kelvins, the exponential factor in the expression of magnetization plays no
role and instead of (35) we can look for a solution of the Weiss equation (10) of
the form:

m(t) = Q) WV -t (43)

where Qgtg (t) is a polynomial (of the same degree as P1(72) ().
Applying the same approach, outlined after eq. (37), we get the following
expression for Q1 (2) :

Q12 (1) = 1+ 0.48248¢ + 0.377693¢> + 1.663431% — (44)

—5.58315¢* + 6.87000t° — 3.99752t% + 0.91907¢7

The precision of this simpler expression is still higher then the previous one:
the error is less than 1073, for ¢ ~ 0.1.

Even more interesting is the fact that this approach can be applied to any
Brillouin function Bg defined in (3), not only for .§ = 1/2. For an arbitrary S,
the Weiss equation in zero magnetic field is given by the formula:
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m(t) = Bs (@ 33—fl> (45)

and the reduced magnetization can be approximated by:

m(t) = Qs (t) VI —t (46)
For instance
Q{7 (1) = (1 +0.410582¢ + 1.40536t2 — 3.36245¢% 4 4.34284¢% — (47)

—3.28348t% 4 1.35735t5 — 0.237194¢"

QT () = (1 +0.410721¢ + 1.65224¢% — 5.60792¢% + 9.67475¢* (48)

—9.30572t% + 4.74404¢% — 1.00258¢7

7 (1) = (1 +0.453772¢ + 1.34346¢2 — 5.51081¢° + 10.5506¢* - (49)

~10.8288t> + 5.77001¢°% — 1.25923t7

QL7 (#) = (1 +0.508087¢ + 0.8136714% — 4.26886t° + 9.01576t'—  (50)

—0.75394¢> + 5.36827t5 — 1.19731¢7

with a maximum relative deviation smaller than 1.5 - 1073, also for ¢ ~ 0.1; for
larger values of t, the approximation is much better. For instance, if ¢ > 0.4,
the maximum relative deviation is at least two orders of magnitude better.

4 The magnetization in the presence of an ex-
ternal magnetic field

If the magnetic field is non-zero, eq. (&) can be written as:

tanh (M + h) =t (M + h,) —toh (51)

0 to

or, putting
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m (to,h)

u=——">=-44h (52)
to
as:
tanhu = tg (u — h) (53)
or, equivalently:
= B =
e =1 (54)
u—h + %

According to (16), (17) the solution of this equation is:

1 2 2
=W (2n+ Zon- 21 55
Y=y ( B to’ to’ ) (55)
so, finally we get:
0 (B8] =227 (2h+3;2h—3;—1) - (56)
2 to to

or, using the r—Lambert function and eq. (21):

4 o
m (to, h) = Wexp(—2n—2/t0) (toe 2" 2/to> —h(l-t)+1 (57)

The critical isotherm is obtained making in the previous formula the replace-
ment tg — 1:

m (1,8) = W (- 200-1) (46—?“—1)) +1 (58)

For reasons explained in the previous section, these solution are quite in-
convenient for practical purposes. So, our next goal is to obtain an alternative
expression for m (¢, k), using simpler functions - actually, a series expansion
in powers of h, whose coefficients are known, being expressed as elementary
functions of ¢.

With:
¢(tm) =" o ) = ¢ 2, (59
the equation of state (8) becomes:
¢ (¢, h) = tanh (( (t,h) + ?) (60)

A closed form of m (¢,0) was obtained in the previous section, eq. (35), so
an accurate analytic approximation of the function ¢ (¢,0) is known, at least
down to enough low ¢. Differentiating (60) with respect to h, and putting
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Clim)+ 5 =¢ (61)

we get:
A (t,h) 9.9 o¢ (,,h) 1
tT—(l—t ¢* (t,h)) ( = +;)
and:
8 (th) 1 (1- e, B)) (62)
Bh b (-14+t+12¢%(¢,h))
Consequently:
8¢ (t, ) 1 (1 -3¢ (¢,0)) (63)
Oh ot (-1+t+12¢%(¢,0)

So, the value of the previous expression is known, as the function ¢ (¢,0)
is known, e.g. via m(¢,0) provided by (40). This property of the derivative
remains valid in any order; consequently, we can write

¢ (¢, h)
h

1 8% (t,h)
2 Oh?

R? + ... (64)
h=0

C(t’ h) :(_:(t,O) o

h=0
In this way, we obtain a series expansion for m (¢, k), according to (52), valid for
small values of A. It should have in mind, however, that we did not investigate
the convergence of this series.

5 Weiss equation and inverse Brillouin functions

As is easy to see, applying the inverse Brillouin function Bgl in the both sides
of the equation of state (1), the thermodynanic variables can be separated [4]:

kg (M
H=—=T 8B — | =AM 65
2 s (Mo) (©%)

This is the simplest illustration of the usefulness of the inverse Brillouin func-
tions; other examples can be found in [37].

Coming back to the mathematical aspects, the inverse function is singular,
B;!(x) — oo, in the asymptotic limit, when 2 — 1, as we shall see. With the

[ea
substitutions:

i
T

=€

,r=0clnz (66)

the direct functions B, become algebraic expressions:

1@+ )T ) (2 - 1) - (T - 1) (24 1)
Bo () = 35 (@ —1) (s - 1) (67)
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where we wrote (abusively) B, (z) instead of B, (o ln z) , to avoid too complicate
notations.

To invert the Brillouin function B, (z) means essentially to find the conve-
nient root z, (y) of the equation:

B, (#)=y (68)

Actually, the inverse Brillouin function is:

B;'(y) =clnz (y) (69)
With (67), (68), the equation satisfied by z, is:

o(l-9)22"2 —(14+0(1-9)>X+(1+0(1+y)z—-0c(1+y)=0 (70

5o a tetranomial equation (i.e. containing only four terms) with quite simple
coefficients. Although the roots of tetranomial equations can be, in principle,
obtained exactly [37], [38], no formula for solving eq. (70), in the general case,
is available in literature. So, in practical cases, it is unavoidable to look for
approximants of By, and the first step to be done is to obtain its asymptotic
expression, i.e. the value of z (y) for y — 1. Actually, we shall put y = 1 in the
coeflicients of (70), excepting the dominant term:

20 (1 —y)220%2 = 2,2t L (464 2)2—40=10 (71)

Substituting:

a
= 2
e (72)
we get:
(1= (73)
z —-1)=——
So, the asymptotic form of the inverse Brillouin function is:

B =0l =oln—— In—— 4
s y—=1) =0clnz (y) Jna(l—y)_)o-nl—y (74)

as the constant term —olno is negligible, compared to the singular one. The
same result has been obtained by Kréger [8], using a different approach. It is
compatible with the well-known exact result:
_ _: 1. 14y
1 1

Bl (y) = tanh™" (y) = 3 In 1y (75)
(we shall use, in the rest of the paper, the logarithmic expression of the inverse
hyperbolic tangent, to avoid confusions) and to the other simple exact result,
given by Kroger [8]:
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2(1-y)

where we removed a typo in eq. (D.7) of [8]; see also [39)].
‘We shall define, for the rest of this paper, the asymptotic form of the inverse
Brillouin function by:

Bl (g)=In (“7 M) (76)

1
L~
Kroger [8] produced an elegant, detailed and systematic study of the inverse

Brillouin functions, showing that they must satisfy several conditions. One of
them is:

Bc;l (v) |asymp =ocln (77)

1+y

B;l(yﬁl):olnl (78)
This formula gives the asymptotic behavior. Near the origin:
3o
B! 0)=—y+0(° 9
o =0 =g —y+ (v°) (79)
The symmetry condition means:
B (-y)=-B;'(y) (80)

Another relation is a constraint, concerning the integrability, eq. (3) of [8].
A conclusion of Kréger’s analysis is that the most convenient approximant
of the inverse Brillouin function is:

- il 15 —11(1 — &) (1 +2¢) y? 1+y 1
B 1 — = — 81
7 ) 25+108—(1—6)[5—!—118(1—!—28)]3;2nl—y’ T (3L)

This is a remarkably simple and accurate result (maximum relative errors
from 1.5% for ¢ = 3/2 to 0.6% for ¢ = 5 and to 0.35% for ¢ = 10), with
increasing precision for larger indices. The accuracy of this formula can be,
in principle, increased, replacing the quadratic polynomials in (81) with quartic
ones; the odd powers are excluded for symmetry reasons, see eq. (80). However,
the expression of approximants modified in this way becomes quite complicated.

With the goal of further increasing the accuracy of the approximants of the
inverse Brillouin functions, we shall propose now an alternative, more pragmatic

approach, to Kréger’s one. The essential step is to choose for B! (y > 0) the
simplest form, and to satisfy the symmetry condition (80) defining

Bs'(y < 0)=-B;' (-y)

Consequently, we shall consider that the function (77) is the most convenient
asymptotic form of B;l. Actually, (78) was adopted by Kréger because its
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symmetry property, but we avoided this restriction, by introducing the definition
(??). Let us notice that

B;l (r=20) |saymp 220 o
The slope of the inverse Brillouin function in the origin is (see (79)):

30
l+o

consequently:

3
l+o

So, we can presume that a reasonable approximant of the inverse Brillouin
function is:

B;'(y~0)= B e O [opers

3 -1
= P (1) B5 () eerms (2)

with P, is a smooth function, whose values at the ends of the interval of defin-
ition can be obtained as follows:

B;! (¥)

3 30
-1 i _ _
By (y=0) 1+0'P0(0)0y 1+o’
consequently:
P,(0)=1 (83)
Also:
-1 3 —d
By (y=1)= 1o s (LB (4 B71) Lo
consequently:
1
L1 ;U (84)
In other words:
e 30 1
= . e B,
B (1) = 1o P ) (7). (59)

with P, (z) satisfying the conditions (84), (85).
Ifo =2, P,(0)= Py(1l) =1 and it seems interesting to check the brutal
approximation Ps (x) = 1; this gives:

By () =2in (1) (36)

-y

For the exact functions,
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By (B (y) = (87)

and
%Bg (B5' () -1=0 (38)

If B5! (y) is replaced in (88) by the approximation (86), one gets:

532 (BQ—I (y)) i, %y “ 1152+ 0.85° — 0.24* <0.05 if O<y<1 (89)
so we can conclude that the error of the approximation (87) is about 5%, so
comparable with Arrott’s approximation [4].

The eq. (89) illustrates the meaning of the expression "error of an approx-
imant", as used in the present paper. If By (y) in (88) or (89) is an approxi-
mant, the error in fulfilling the identity (88) is considered to be the error of this
approximant.

Encouraged by this result, we shall presume that P, is a smooth function,
which can be approximated by a polynomial. For any y;, B;! (y;) can be
obtained solving numerically (for instance, with FindRoot in Mathematica) the
equation in xz;:

B, (z;) =y; — z; = B; ' (y)) (90)

In this way, we can find the values of P, in an arbitrary number of points
Y5, 3=1, 2,..n

1+0o B (y)
v W) =3, In ()
—Y5

A polynomial fitting the points (y;, P (y;)) can be easily obtained using the
Fitting curves to data command in Mathematica. Choosing a large enough
number of points (y;, P, (y;)) , we can obtain a good enough accuracy for the
approximant (85), according to our specific goal.

The main advantages of this method are the accuracy, and the availability
of an analytical formula, for each ¢ separately. Actually, its accuracy can be
increased as much as needed, increasing the number of intermediate points y;.
Its main disadvantage might be that the specific expression of the polynomial
Ps (y) changes if the distribution of points (y;, P (y;)) changes. The problem
of the stability of the polynomial P, (y) when the distribution of points changes
is not discussed this paper; however, it was studied by Tolea, who demonstrated
that, if the number of interpolation points increases (until several milions, in the
cases studied by Tolea), the first digits of the coefficients of the polynomial P,
(the first four, in the aforementioned cases) do not change, if the interpolation
becomes more dense [40)].

(91)
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6 Numerical example

To illustrate how this approach works, we shall obtain explicitly an approxi-
mant for BB_/IQ. It can be calculated exactly, solving a cubic equation, but the
expression got in this way is too complicated to be used in practical applica-
tions. To start, we shall choose only 10 points y; inside the interval (0, 1),
namely y1 = 0.1, yo = 0.2, ..., yo = 0.9, y10 = 0.95 and shall calculate the
corresponding values Ps 5 (3;) according to (90), (91)

For instance, using (90), B3_/12 (0.1) is the root of the equation Bg /s (21) =
0.1, i.e. 0.180739, so Bg—/lQ (0.1) = 0.180739, and, according to (91), Pss (¥;) =
0.953; the point (0.1,0.953) belongs to the graph of Py 5 (). Similarly, we find
the values Ps /5 (;), corresponding to points y; = 0.2,..., 0.95. The points (0,1)
and (1,0.033) are obtained using equations 84 and 85, respectively.

After that, using the "Fit" command in Mathematica:

Fit[{{0, 1}, {0.1, 0.953}, {0.2, 0.91133}, {0.3, 0.874}, {0.4,
0.84042}, {0.5, 0.81032}, {0.6, 0.78348}, {0.7, 0.7604}, {0.8,
0.74249}, {0.9, 0.73468}, {0.95, 0.74033}, {1, 0.83333}},

Table[x™n, {n, 0, 30}, vyl

we get the following expression for the polynomial Ps /o (¥) =14+ > any™:

Pyjp(y) =1 — 0.499043y + ... + O (™) )

where the values of the coefficients a,, 2 < n < 30, given by the previous
command, has been omitted, in order to save space. However, the omitted
coefficients can be obtained via the last command in the Appendix, with ¢ =
3/2.

The error of this approximation is less than 0.03% for 0 < y < 0.8, less than
0.015% for 0.8 < y < 0.95 and less than 0.2% for 0.95 < y < 1. It is an order
of magnitude smaller than the error of any approximant in use and it can be
further reduced by increasing the number of points (z;,y;) .

It is important to notice that the pairs of values (y;, z;) similar to those
obtained using (90), for instance (0.1,0.180739) can be also obtained using
Kroger’s formula (81) for the approximant of the inverse Brillouin function.

—~——

So, with (81), Bg/lz (0.1) = 0.1807386... (the exact value is 0.1807393...), and

B35 (0.1807386) = 0.09999957... So, instead of using the pair (0.1,0.180739),
we can use the pair (0.09999957,0.1807386), in order to obtain the interpolation
points for the polynomial P3 /5. In this last example, we used a larger number of
decimals than in the others calculations, in order to make visible the excellent
accuracy of Kroger’s approximant (81).

7 Conclusions

Using recent results of the theory of generalized Lambert frunctions, exact ex-
pressions for the magnetization of a Weiss ferromagnet, with zero or non-zero
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external magnetic field, are obtained. Accurate and simple approximants for the
exact expressions are provided, for any value of the spin indices. The analysis
was extended to inverse Brillouin functions, where a simpler and more precise
approximant (compared to those used in literature) was proposed.

Acknowledgement 1 The author acknowledges the financial support of IFIN-
HH - ANCSI project PN 16 42 01 01/2016 and to the IFIN-HH - JINR Dubna
grant 04-4-1121-2015/17.
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Exact and approximate analytical solutions of
Weiss equation of ferromagnetism.
Experimental aspects (II)

Victor Kuncser

INFM, Str. Atomistilor 105, 077125 Magurele, Romania

Abstract
The experimental relevance of theoretical results obtained in the pre-
vious paper, (I), mainly for the determination of the Curie temperature,
is discussed.

1 Introduction

This paper is the second one of a pair of studies devoted to the applications
of the new results of the generalized Lambert function in ferromagnetism. The
previous paper (1), is devoted to theoretical aspects [1]. This one, paper (II), is
devoted to experimental aspects.

2 Discussion on experimental implications

From the experimental point of view, a direct expression of the magneti-
zation versus temperature and field might be of high interest for getting ma-
terial dependent parameters of ferromagnetic materials (magnetic moment and
spontaneous magnetization, Curie temperature, molecular field constant and
exchange integral, etc.) through a suitable fitting of the experimental data. It
is worth to mention that case of ferrimagnetic (or even no completely compen-
sated antiferomagnets, e.g. due to structural/interfacial/surfacial defects) can
be treated in a similar manner by a simple association of a finite magnetic mo-
ment to a formula unit. Some real (and very often defect) magnetic systems
could present an enough high magnetic disorder temperature, in order to be
completely analyzed within the temperature range of sensitive magnetometers
(e.g. SQUIDS). Mainly these are the cases where a complete estimation of the
material parameters can become effective by fitting the experimental data ob-
tained over a narrower range of field and temperature via the above discussed
theoretical expressions.

A proof of concept on how this procedure can be experimentally implemented
for magnetization measurements versus temperature will be provided for one of
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the above analyzed cases, corresponding to a solid state system with § = 1/2 (a
quenching of the orbital magnetic moment is assumed). To note that the local
magnetic moment of the magnetic entity (atom, molecule, formula unit) can
be verified from the saturation magnetization at very low temperatures which
also approaches the spontaneous magnetization M. Hence, the experimental
function m(¢, k) can be obtained if T, H and T, are known. The first two are
experimental parameters, whereas the last one can be obtained via specific mag-
netization measurements versus temperature, e.g. as the temperature where the
spontaneous magnetization drops to zero. Very often, such measurements have
to be done at temperatures much higher than the room temperature, involv-
ing therefore additional higher temperature options for usual magnetometers.
Instead, the Curie temperature can be obtained by fitting the experimental de-
pendence M(T), as collected under a low enough applied magnetic field, over a
much reduced range of temperatures. The aforementioned general relation (11)
of (I), written under the form m(¢,h) = ¢{ (¢, k) should be used in this respect.

However, in order to achieve this task, a series of experimental conditions
should be fulfilled. As a first condition, the system might respect the over-
all Brillouin dependence of magnetization versus temperature, that is, size or
anisotropy related magnetization relaxation phenomena (e.g. superparamag-
netic behavior) should be avoided. A second condition is related to the removal
of magnetic domains in the system, condition which might be fulfilled by mea-
suring the magnetization versus temperature under convenient constant applied
magnetic fields. In the case of quite soft magnetic materials the measurements
can be done in low enough magnetic fields (e.g. of magnetic induction as low as
0.17), in order to keep only the term proportional to % in relation (11) of (I).
Accordingly, the following experimental steps are proposed. The M(H) curve at
the lowest temperature (e.g. 2K) should be initially obtained for estimating the
saturation field and the saturation magnetization My. Then, the dependence
M(T) can be obtained under an applied field higher than the saturation field
and up to the maximum temperature of the device (e.g. 400K for a SQUID).
According to Figs. 1 and 2, the most reliable values for 7, might be obtained
if the maximum experimental temperature will overpass at least 60% from 7.
That is, for a maximum measuring temperature of 400K, a Curie temperature
of about 700K may be determined with acceptable accuracy.

The procedure of determining the transition temperature is the following.
The experimental ratio M (7, H)/My will be represented versus ¢t = T/T, for a
set of T, values (e.g. 500K, 550K, 600K, 750K,
800K). In this way, the experimental representations of m(¢, 2) versus t will be
obtained for different values of T.. The theoretical representations of m(t, k)
via the relation m(t, k) = ¢{ (¢, h) with ¢ (¢, h) given by eq. (64) of (I) will be
obtained for the same set of 7, values. In a first approximation, 7, is estimated
as that temperature value in the considered set corresponding to the best su-
perposition between the experimental and the theoretical m (¢, k) curves. The
procedure can be repeated for a new set of T, values (with a better temperature
discretization, e.g. of 10K) around the first approximation until the desired
precision of 7, is obtained.
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It is also to mention that actually there are experimental techniques provid-
ing parameters proportional to the spontaneous magnetization. Among them,
the local techniques of ®”Fe Mossbauer spectroscopy is extremely powerful in
following the temperature variation of the Fe magnetic moment on each Fe
phase (the hyperfine magnetic field, By as specific parameter is proportional
in certain circumstances to the magnitude of the Fe magnetic moment and
hence with the spontaneous magnetization attributed to that Fe phase). Being
a local techniques seeing directly the magnitude of the magnetic moment, it
does not involve any applied magnetic field and therefore, the simplest equation
(43) can be used as reflecting the experimental temperature dependence of the
ratio m(t) = Bhf(T)/Bhf(T = 0)

9 Conclusions

A proof of concept for direct series-expansion solutions of the Weiss equation of
ferromagnetism is provided. Even the concept is exemplified in case of non-zero
magnetic field for a magnetic system with § = 1/2, it works in principle also
for systems with enhanced S values, with the mention that in that case the
Brillouin function will replace the tanh function, with direct implications on its
derivatives. Also the spontaneous magnetization and Curie temperataure will
depend specifically on S, which might become an additional fitting parameter
in the final expression of magnetization. The general solution of the reduced
magnetization in applied field is always expressed as function of the tempera-
ture dependent solution of the spontaneous magnetization in the absence of the
applied field. Specific procedures to use the developed expressions in case of
magnetization or Mossbauer spectroscopy measurements are also mentioned.
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This contribution will discuss special features exhibited by
heterostructures realized on ferroelectric surfaces, when thin metal layers
or carbon graphene-like layers are deposited by molecular beam epitaxy.
We will introduce photoelectron spectroscopy as a principle tool [1],
allowing one to evaluate the substrate quality (composition), the
contamination degree, the amount of deposited material, and the surface
or interface band bending [2,3]. Special atention will be given to the need
to work on atomically clean substrates [4], and to the need to use
complementary in situ characterization methods, such as low energy
electron diffraction (LEED) [5]. For a clean ferroelectric thin film, the single
domain state is realized when sufficient charge (mobile or ionized
impurities) may be accomodated near its surface or bottom interface to
compensate the depolarization field, a phenomenon which will be denoted
heneforth as intrinsic screening [6-8]. When a conductive layer is deposited
on top, the screening may be partly or totally realized using charges from
this conductive layer, which will be denoted as extrinsic screening [6,9].
Indeed, some evolution of the core levels with metal deposition may
nowadays be interpreted within this model [10]. Moreover, deposition on
metal films may induce out-of-plane polarization due, again, to additional
electrons contributing to the screening [11].

In the case of graphene layers, due to the zero bandgap character of
this material, the carriers used for screening may be easily switched from
electrons to holes. This induces a hysteretic variation of the in-plane
resistance of graphene-like layers as function on the polarization of the
substrate, adjustable by a gate voltage [9]. In fact, the first experiments
performed under air with transferred graphene, without any chemical
characterization of the surfaces involved, exhibited rather a ‘anti-
hysteresis’ behaviour, in which the sense of the hysteresis is covered in the
opposite sense with respect to what is expected from basic considerations
[12-14] (only at ultralow temperature a correct ‘hysteresis’ was reported
[14]). The explanation pointed on the influence of adsorbate molecules,
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which may be cyclically be adsorbed or desorbed, as function of the gate
voltage. Only recently, graphene-like layers were synthesized in ultrahigh
vacuum, without contaminants [15]. In this contribution we will also
present the very first results of in situ conduction measurements on these
heterostructures, where both ‘hysteretic’ and ‘anti-hysteretic’ behaviour
are recorded, depending on the carbon coverage. A qualitative model will
be introduced to explain these new data, taking into account, for ultrathin
layers, conduction occurring both in graphene (carriers induced to realize
extrinsic compensation of depolarization fields) and on the surface of the
ferroelectric film (using mobile carriers which realize the intrinsic
compensation). This also demonstrates indirectly that the detected ‘anti-
hysteresis’ in Refs. [12-14] was due to contaminant molecules.

Hence, new correlations may be foreseen between the ferroelectric
state of a thin film and in-plane conduction or sensing properties, which
may be used in applications. Also, the stabilization of the ferroelectric state
by some metals must be taken into account for applications where the
robustness of the ferroelectric state is important.

References

[1] S. Hiifner, Photoelectron Spectroscopy: Principles and Applications, 3rd
Ed., Springer, Berlin, 2003.

[2] H. Sezen and S. Suzer, XPS for chemical- and charge-sensitive analyses,
Thin Solid Films 534, 1-11 (2013).

[3] N. G. Aposto], L. E. Stoflea, G. A. Lungu, C. Chirila, L. Trupina, R. F.
Negrea, C. Ghica, L. Pintilie, and C. M. Teodorescu, Charge transfer and
band bending at Au/Pb(Zr,Ti)O; interfaces investigated by photoelectron
spectroscopy, Applied Surface Science 273, 415-425 (2013).

[4] L.C. Tanase, N.G. Apostol, L.E. Abramiuc, C.A. Tache, L. Hrib, L. Trupina,
L. Pintilie, and C.M. Teodorescu, Ferroelectric triggering of carbon
monoxide adsorption on lead zirco-titanate (001) surfaces, Scientific
Reports 6,35301(18 pp.) (2016).

[5] C. M. Teodorescu, L. Pintilie, N. G. Apostol, R. M. Costescu, G. A. Lungu,
L. Hrib, L. Trupina, L. C. Tanase, I. C. Bucur, and A.E. Bocirnea, Low energy
electron diffraction from ferroelectric surfaces. Dead layers and surface
dipoles in ultraclean Pb(Zr,Ti)03(001), Physical Review B 96, 115438(15
pp-) (2017).

[6] L. C. Tanase, L. E. Abramiuc, D. G. Popescu, A.-M. Trandafir, N. G.
Apostol, I. C. Bucur, L. Hrib, L. Pintilie, I. Pasuk, L. Truping, and C. M.
Teodorescu, Polarization orientation in lead zirco-titanate (001) thin films
driven by the interface with the substrate, Physical Review Applied,
accepted (2018).

https://journals.aps.org/prapplied/accepted /f3071Aa7Ud417d03f08f69
17751e95726226b9775

142


https://journals.aps.org/prapplied/accepted/f3071Aa7Ud417d03f08f6917751e95726226b9775
https://journals.aps.org/prapplied/accepted/f3071Aa7Ud417d03f08f6917751e95726226b9775

[7] L. Pintilie and M. Alexe, Metal-ferroelectric-metal heterostructures
with Schottky contacts. I.

Influence of the ferroelectric properties, Journal of Applied Physics 98,
124103(8 pp.) (2005).

[8] L. Pintilie, I. Boerasu, M. ]J. M. Gomes, T. Zhao, R. Ramesh, and M. Alexe,
Metal-ferroelectric-metal structures with Schottky contacts. II. Analysis of
the experimental current-voltage and capacitance-voltage characteristics
of Pb(Zr,Ti)Os3 thin films, Journal of Applied Physics 98, 124104(9 pp.)
(2005).

[9] L. C. Tanase, L. E. Abramiuc and C. M. Teodorescu, Photoelectron
spectroscopic and microspectroscopic probes of ferroelectrics, AIP
Conference Proceedings 1916, 030001(10 pp.) (2017).

[10] N. G. Apostol, L. E. Stoflea, L. C. Tanase, I. C. Bucur, C. Chirilg, R. F.
Negrea, and C. M. Teodorescu, Band bending at copper and gold interfaces
with ferroelectric Pb(Zr,Ti)Oz investigated by photoelectron spectroscopy,
Applied Surface Science 354, 459-468 (2015).

[11] L. C. Bucur, L. C. Tanase, L. E. Abramiuc, G. A. Lungu, C. Chirila, L.
Truping, N. G. Apostol, R. M. Costescu, R. F. Negrea, L. Pintilie, and C. M.
Teodorescu, Triggering surface ferroelectric order in Pb(Zr,Ti)03(001) by
deposition of platinum, Applied Surface Science 432, 27-33 (2018).

[12] X. Hong, ]. Hoffman, A. Posadas, K. Zou, C. H. Ahn and ]. Zhu, Unusual
resistance hysteresis in n-layer graphene field effect transistors fabricated
on ferroelectric PbZro 2 Tios03, Applied Physics Letters 97, 033114(3 pp.)
(2010).

[13] E. B. Song, B. Lian, S. M. Kim, S.]. Lee, T.-K. Chung, M. S. Wang, C. F.
Zeng, G. Y. Xu, Kin Wong, Yi Zhou, H. I. Rasool, D. H. Seo, H.-]. Chung, ]. S.
Heo, S. N. Seo, and K. L. Wang, Robust bi-stable memory operation in
single-layer graphene ferroelectric memory, Applied Physics Letters 99,
042109(3 pp.) (2011).

[14] A. Rajapitamahuni, ]. Hoffman, C. H. Ahn and X. Hong, Examining
graphene field effect sensors for ferroelectric thin film studies, Nano
Letters 13, 4374-4379 (2013).

[15] N.G. Apostol, G.A. Lungu, I.C. Bucur, C.A. Tache, L. Hrib, L. Pintilie, D.
Macovei, and C.M. Teodorescu, Non-interacting, sp2 hybridized carbon
layers on ferroelectric lead zirco-titanate, RSC Advances 6, 67883-67887
(2016).

143



Ferroelectric/multiferoic heterostructures: potential applications in
electronics
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Ferroelectric and multiferoic heterostructures are used as multifunctional
materials for their well-known properties. Nowadays possibilities of
obtaining high-quality epitaxial thin film structures offers new ways to
study different effects as strain or strain gradients, low dimensions,
electrostatic conditions at interfaces on the electric characteristics of the
possible devices. This approach gives possibility to obtained new
properties and to evidenced new phenomena which could be the basis for
developing new devices and functionalities. In this way we show that by
constructing epitaxial multilayered thin film structures by alternating
ferroelectric materials with layers with different magnetic and electric
properties new ferroelectric and dielectric characteristics are obtained. We
found that the ferroelectric polarization switching is dependent and can be
controlled by strain or by different electrostatic boundary conditions. The
most significant result is the developing structures with 2» different and
non-volatile polarization states (n-the number of ferroelectric layers
separated by n-1 isolator layers).
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Transient transport properties of nanoelectromechanical systems
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A nanoelectromechanical system (NEMS) is a hybrid system made of a
mescoscopic system such as a quantum dot, a quantum wire (QW), a single
electron transistor, or a 2D lattice and a nanoresonator NR which can be a
cantilever (or a tip), a fullerene molecule or a carbon nanotube. If these
systems are coupled to wires, they present interest due to their quantum-
like behaviour and sensing properties. Either the cantilever can be
influenced by the current passing through the QW or the current is
influenced by the oscillations of a driven cantilever. Such systems were
studied both theoretically [1-7] and experimentally [8-11]. The transient
phenomena are only rarely discussed in the literature, within the single-
level model and the constant capacitance method and, mostly, only the
steady-state regime is analyzed. The quantized vibrational modes of the
cantilever tip are called vibrons and are different from phonons. The
quantum dispersion of the displacement of the tip depends on the mass, the
charge and the frequency of the tip.

A small mass and a large frequency are sought for in the experiments that
are undertaken at low temperatures.

We solve the generalized Franck-Condon Master equation (GME) for an
open NEMS in the Markov approximation and also take into account the
intradot Coulomb interaction and the dissipation of vibrons due to thermal
reservoirs. The numerical results coincide with the ones obtained upon
employing a Lang-Firsov canonical transformation. The Hamiltonian of the
free electrons (one energy level with spin), the free vibrons and the
electron-vibron coupling is diagonalized numerically and the wires are
described by tunneling operators between the wires and the QW. Upon
expressing the tunneling operators in the basis of fully interacting states
we obtain the Franck-Condon terms and an explicit form of the
"Linbladian" that describes transport phenomena up to second order in the
coupling with the two wires. Observables such as the current, the
expectation value of the displacement of the tip can then be computed. At
zero temperature and if the Fermi functions of the wires are set in such a
way that the upper chemical potential is above all energy levels of the QW
and the lower chemical potential is below all energy levels in the QW (in
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other words if they allow a current to flow through the QW) then we
recover the exact form of a Lindbladian operator. We find that the tip
oscillates even if the bias is zero and that the populations with more
vibrons have lower amplitudes if the ratio between the electron-coupling
and the energy quantum of the tip is smaller. The oscillations of the
populations of the states with different vibron number but with the same
electron configuration are found to be slightly out-of-phase.

The evolution of the populations of the vibronic states depend on the
wavefunction of the electrons within the QW since it is possible to tune the
oscillations by moving the tip along the x axis of the QW (in a plane
perpendicular to the axis between the tip and the QW). The states with
more vibrons are occupied on average to a less extent if the tip is off-
centered w.r.t. to the QW. If the tip is moved along the z axis by bringing the
tip closer to the QW, the mixing of the states with different number of
vibrons is enhanced. The vibron expectation value of the number and the
populations of fully many-body states display oscillations even in the
transient regime. It is important to mention that the oscillations of the NR
displacement settle down within several microseconds to an equilibrium
position that is different from the initial one if the bias is finite.

Our intention is to further include the driving of the cantilever thereby
studying possible feedback memory effects that are induced via the
electron-vibron interaction in NEMS.
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Influence of Metal Ions Doping
on the Properties of 1D Iron Oxide Nanoparticles

Stjepko Krehula
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10002 Zagreb, Croatia

Due to their favourable properties (nontoxicity, stability, low cost, band gap
in the visible range, good magnetic, catalytic, adsorption and absorption
properties, etc.) iron oxide nanoparticles are promising candidates for
different applications (catalysts, photocatalysts, magnetic materials, gas
sensors, adsorbents, absorbents, battery electrodes, supercapacitors, etc.).
Properties of iron oxide nanoparticles depend on their crystal structure,
crystallite and particle size, particle shape, porosity, and also on the
substitution of Fe ions with other metal ions in the crystal structure of iron
oxide. In this presentation the results of investigation of the influence of
doping with selected metal cations on different properties (unit cell size,
crystallite size, particle size and shape, hyperfine magnetic field, IR and UV-
Vis absorption, thermal properties) of 1D iron oxide nanoparticles will be
presented.
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The case of Fe-Gd and Fe-Dy (Dy is strongly anisotropic as compared to the
isotropic Gd) thin films of different concentrations of RE (crossing the
compensation point), as prepared by RF-magnetron sputtering with
enriched 5’Fe will be detailed. The specific spero-magnetic non-collinear
spin structures will be discussed in respect to their ingredients related to
randomly distributed single ion anisotropy and the exchange interaction of
the involved atoms. The morpho-structural and compositional
characterization was realized via Grazing Incidence X-Ray Diffraction, X-
Ray Reflectometry, Transmission Electron Microscopy and Scanning
Electron Microscopy coupled with Energy Dispersive X-Ray Spectroscopy.
Atomic local configurations and magnetic interactions were studied via
Conversion Electron Mdssbauer Spectroscopy and Superconducting
Quantum Interference Device magnetometry whereas the distribution of
local magnetization axis was analyzed via vectorial Magneto-Optic Kerr
Effect measurements. A specific magneto-optical behaviour when crossing
the compensation points will be also presented and specific peculiarities in
magneto-conduction experiments will be discussed. Finally, a specific
possibility to investigate magneto-optical effects in such micro-structured
RE based systems, with micron-sized Laser spots will be emphasised.
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Abstract

Thanks to a peerless collection of photo-physical properties, such as strong
absorption coefficient, low exciton binding energy (~20 meV), long charge
carrier diffusion length (>1 pm), deposition by a multitude of processing
techniques, solar cell devices with hybrid perovskite achieved over 23%
efficiency [1,2]. However, the main drawback is stability. Defects in
perovskite films are the foremost source of degradation processes and
generate inconsistencies in current-voltage curves and hysteresis,
providing the pathway for ions migration and charge traps, that further
initiate the degradation of the perovskite films. Two main sources for
defect occurrence are closely related to the fabrication process and
originate from: incomplete surface coverage or pinholes, and
crystallization, which depends on the local properties of the material and
specifically on the presence of structural and chemical defects. All defects
will have an impact on the electronic and optoelectronic properties,
ultimately reducing the power conversion efficiency in devices.
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Titanium dioxide (TiO2) has been widely used in various applications
involving microelectronics [1], healthcare [2] and environment [2]. In the
last decade, a special attention was given to the exciton-phonon
interactions [3], the photocatalytic properties [2, 4] and antimicrobial
activity of TiO2 and its composites with carbon nanoparticles or conjugated
polymers [2, 4].

The optical properties of the nitrogen-doped TiO; (TiO2:N) as well as their
mixtures with different concentrations of Ag and/or SiO, nanoparticles
(0.5, 1 and 2 wt.%), prepared by mechanic-chemical interactions, will be
shown. The influence of nanoparticles on the host material is evaluated by
studies of Raman scattering, photoluminescence (PL), photoluminescence
excitation (PLE) and UV-VIS spectroscopy.

An approach to improving the efficiency of TiO2:N is to avoid the
recombination of electrons and holes by using charge-transfer catalysts.
The TiO2:N/SiO; and TiO;:N/Ag systems have a promising potential to
control the efficient charge transfer. In this context, the UV-VIS reflectance
studies indicate a shift of the band gap of TiO2:N to the UV range as
increasing of the Si0; and Ag nanoparticles concentration in the studied
mixtures. The presence of Ag and SiO; in the host material indicates no
broadening, shifting or additional lines in the Raman spectra. The PL
intensities were decreased with increasing the Ag and/or SiO:
nanoparticles concentration in host matrix mass, indicating the potential
collectors of these materials. In order to explain these processes, the
different de-excitation ways will be advanced, taking into account energy
levels diagram of the Ti02:N/SiO, TiO2:N/Ag and Ti02:N/Ag/SiO, systems.
The plasmonic effect of Ag nanoparticles in above systems is highlighted
for the first time by PLE studies.
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Biomedical applications of magnetic nanoparticles are of real scientific
interest due to their magnetic, optical and electrical properties, as well as
to the dimensional properties, surface-to-volume ratio, controlable
morphology, functionality, bioavailability and improved biotolerability.
Among the promising candidates for this purpose, magnetite nanoparticles
(MNP) occupy an important place due to their good compatibility with the
biological environment and low toxicity. The real potential for applying
MNPs is, however, strongly dependent on their physicochemical
properties, which are related to the synthesis process. Functionalization or
coating of MNPs has been shown to directly influence magnetic
susceptibility, colloidal stability, size, efficacy of cellular absorption and
biodistribution.

In this study, iron oxide nanoparticles were synthesized at temperatures of
100-200° C and working pressures between 20-1000 bar. It has been found
that the synthesis pressure influences the type of crystalline phase. Thus,
at less than 100 atm pressures, iron oxide is predominantly formed as
hematite, while at pressures above 100 atm, the major crystalline phase is
goethite. Also, the crystallites size and medium particle size decreases with
increasing pressure (for samples synthesized at P < 100 atm). Complex
thermal analysis by the DSC method revealed the polymorphic changes of
iron oxides at different temperatures.
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Organic Light Emitting Diodes (OLED) enter now in the third phase
concerning their efficiency. In these devices, the emissive
electroluminescent layer is composed of carbon-based (organic)
semiconductors, typically aromatic small molecules, in contrast to the
inorganic crystalline semiconductors used in traditional LEDs. If the first
devices are based on pure organic materials, the second and the third
generations are based on combinations between metals and organic
ligands in so-called organometallics for which their external quantum
efficiency is significantly increased. The second generation is now widely
used in large displays reaching high efficiency because of the spin-orbit
coupling which induces intersystem crossing between metals and their
ligands. The third generation of OLED comprises in increased external
quantum efficiency obtained by proper choice of the ligands, reaching a
theoretical value of 100%. A brief description of these OLEDs will be
presented together with their advantages and the obtained technologies for
the next generation of displays.
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One-dimensional (1D) metal oxide nanostructures are promising materials
for different advanced applications in electronics, energy conversion and
storage, gas-sensing, catalysis and photocatalysis. To produce these
nanostructures various synthesis approaches can be applaied. Among
them, electrospinning method has received a remarkable interest. It allows
the synthesis of very long fibres having diameter of tens to hundreds
nanometers. The electrospinning is based on the effect that high voltage has
on viscous, conductive polymer solution. When an applied electrostatic
charge overcomes the surface tensions of the polymer solution an
electrically charged polymer jet is formed.! The electrospun nanofibres are
then collected on the oposite charged electrode. Finally, the electrospun
metal oxide nanofibres are produced by calcination of as-spun fibres. Their
properties will depend on the chemical and physical parameters of
electrospinning proces as well as the parameters of heating treatment.

In this presentation the formation of Zn-, Ni-, Ru- and Fe-oxide nanofibers
by electrospinning will be presented. The corresponding metal salts
Zn(NO3)2, Zn(ac)z, Ni(NO3)2, Fe(NO3)s; or Ru(NO)(NO3)3 were dissolved into
C2HsOH solvent already containing polyvinilpyrrolidone (Mw = 1300000).
Electrospinning of viscous solution in the system PVP-C,HsOH-H,0-Zn(ac):
produced fibres which were additionally heated at 400 and 600 °C
producing the fibres network consisting of primary ZnO particles with
maximum width between ~20 and 80 -100 nm.2 1D ZnO nanoparticles
were grown perpendicularly onto electrospun ZnO fibres at 160 °C in
aqueous medium containing zinc(II)-acetylacetonate.? In the system PVP-
C2HsOH-H20-Ni(NO3). at lower concentrations of Ni(NOs3), a porous
microstructure consisted of interconnected fibres was obtained, whereas
at a high Ni(NOs3)2 concentrations a laminar microstructure was produced.*
Electrospinning of viscous PVP-C;HsOH-H,0-Ru(NO)(NO3); solution
folloed by heating of the precursor fibres at 400 °C yielded the ribbon-like
RuOz/Ru nanofibers.> In addition, the influence of metallic dopants on the
formation and properties of B-Fe;03 nanofibers will be also presented.c The
differences obtained in the synthesis of these metal oxides by
electrospinning method will be shortly discussed.
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Photoelectrochemistry of water splitting form first principles
Nicola Seriani
ICTP - Trieste, Italy

First-principles simulations based on density functional theory can provide
insight into the behaviour of electrode materials for photoelectrocatalytic
devices. In order to achieve this, it is crucial to provide a realistic
description of the effects of the complex environment on materials,
interfaces and processes, in presence of the electrochemical interface,
illumination and electric bias. In this talk, I will show how the environment
can be taken into account, and how parameters relevant for materials
performance can be extracted from the simulations, with particular
reference to water splitting. A detailed understanding of mechanisms
acting at atomic level can be attained. Finally, limitations of this approach
and future research directions will be discussed.
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Vibronic and chemical properties of supported single metal atom
catalysts

E. Vesselli

Dipartimento di Fisica, Universita degli Studi di Trieste, via Valerio 2 -
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and
CNR-IOM, §S 14 km 163.5 - Basovizza (Trieste), Italy
evesselli@units.it

Innovative and stable catalysts can be prepared within the framework of a
biomimetic approach, thus embedding an active single metal atom in a
tetra-pyrrolic cage. From the surface science point of view, an in situ and
operando characterization of heme-like, simplified model systems may
represent a challenge. Besides investigations at cryogenic temperature, a
thorough atomic-level experimental understanding is not straightforward
so far due to the near-ambient pressure conditions that are necessary to
yield a significant interaction of the active core with gas phase molecules at
room temperature. By exploiting non-linear laser spectroscopy, access to
the vibronic properties of interfaces is possible under realistic operative
conditions, allowing the investigation of 2D metal-organic supported

systems.
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Self-assembled 2D layers of metal-N4 complexes deposited at single crystal
terminations [1] and over supporting templates like graphene [2] or oxide
films [3] will be described, with a specific focus on the interaction with
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small gas-phase molecules. IR-Vis Sum Frequency Generation spectroscopy
data combined with ab initio calculations provide a detailed insight into the
structural and chemical behavior of the layers, including the role of Frenkel
excitons [2]. The latter form upon illumination with visible light and,
initially localized at the reactive centers, evolve through associated spin
transition and singlet fission mechanisms, affecting the adsorbed ligand, i.e.
the chemical reactant.
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