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Abstract

A review of the recent results concerning the new concepts and achievementsin the area
of semiconductor spintronics (or spin-electronics) is presented. Because spin-orbit
interactions (SOI) couple electron spins to electric fields and allow electrical manipulation of
electron spins and electrica detection of spin dynamics they form the fundamental
mechanisms of new effects and the basis of different proposals for new spintronic devices. In
addition to known channels of SOI in semiconductor materials and heterostructures, new
terms of SOI, induced by interband interaction through the electrical polarization or atomic
displacement like optical phonons are proposed and analyzed in the paper. These SOI
mechanisms have the physical nature in the relativistic quantum mechanics with Lorentz
boosts and this aspect is highlighted. Some particularities of the electronic states of
semiconductor quantum wells (QW) related to the intrinsic Rashba SOI and Rashba like SOI
induced by the electrical polarization (EP) are studied. Size quantization states are shown to
transform into interface ones at some value of the in-plane QW wave vector under SOI effect.
Tunneling characteristics of single barrier heterostructure are analyzed in the conditions of
both types of SOIs and are established to be spin-dependent under SOI induced by the EP.
Several aspects dealing with the new discovered intrinsic spin and angular momentum Hall
effects (SHE and AMHE) arereveaed. The SHE isinvestigated in atwo dimensional electron
system with the SOI of both intrinsic and EP induced types. New peculiarities of SHE and
AMHE , induced by interband interaction of heavy and light holes are studied in p-doped
semiconductors with band degeneracy in the framework of generalized  Luttinger
Hamiltonian. Spin-conductivity induced by the EP is shown to proportional to difference of
the inverse values of the hole wave vectors.

1. General aspects of spintronics

Spintronics is the acronym of spin-dependent electronics and it combines the intrinsic
fundamental attributes of solid-state carriers — charge and spin [1]. As rapid progress in the
miniaturization of semiconductor electronic devices leads toward chip features smaller than
100 nanometers in size, device engineers and physicists are inevitably faced with the looming
presence of quantum mechanics - that counterintuitive and sometimes mysterious realm of
physics wherein wavelike properties dominate the behavior of electrons. It is generaly
accepted that in the near future device dimensions are going to approach their physical limits.
Figure 1 illustrates the anticipated technology nodes for the semiconductor industry
development following the Semiconductor Industry Association and International Technology
Roadmap for Semiconductors [2]. The dashed wall in Fig.1 is the boundary at which there are
no known solutions for further development of semiconductor industry and therefore a
cardinal research breakthrough is expected.
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In such circumstances
the new concepts and
principles in electronic device
architectures are a major
challenge  of solid-state
physics. One of such concepts
is the spintronic one, which is
based on the quantum property
of the electron known as spin,
which is closely related to
magnetism. Devices that rely
on an electron's spin  to
perform their functions form
the foundation of spintronics,
aso known as
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magnetoelectronics. Thus the
basic concept of spintronics is
the manipulation of spin currents, in contrast to mainstream electronics in which the spin of
the electron is ignored. Adding the spin degree of freedom provides new effects, new
capabilities and new functionalities.

traditional electronic devices[1].

The main goals of spintronics can be generalized in two major tasks:

- to understand the interaction between the particle spin and its solid-state
environments

- to make useful devices using the acquired knowledge.

Fundamental studies of spintronicsinclude:

- investigations of spin transport

- under standing of spin dynamics and spin relaxation.

In an ordinary electric current, the spins point at random and play no role in determining
the resistance of a wire or the amplification of a transistor circuit. Spintronic devices, in
contrast, rely on differences in the transport of "spin up" and "spin down" electrons. In a
ferromagnetic material, such as iron or cobalt, the spins of certain electrons on neighboring
atoms tend to line up. In a strongly magnetized piece of iron, this alignment extends
throughout much of the metal. When a current passes through the ferromagnet, electrons of
one spin direction tend to be obstructed. The result is a spin-polarized current in which all the
electron spins point in the other direction. Naturally, one could try exploiting this intrinsic
spin imbal ance present in ferromagnetic materials to provide an extra degree of freedom to be
used in semiconductor electronic devices. However, athough the fundamental concepts
needed to understand spin transport have been available for a longer time [3], a dramatic
growth in the research in this field took place the last few years [4]. The name of spintronics
is nowadays used to describe the field of research on electronic devices in which the electron
spin plays the role of the active element [4]. Presently the research drive in the field of spin-
dependent transport is two-fold: both commercial application and fundamental research
driven. Practical spintronics incorporates existing microelectronic manufacturing techniques.
It involves the development of many electronic devices that include ferromagnetic materials.
It is enabling to note the development of ultra-fast switches and fully programmable all-
spintronics microprocessors that can combine logic, storage and communications on a single
chip. The applied side is based on the very rapid commercial success of giant and tunneling
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magnetoresistance (GMR and TMR), others tunneling devices as magnetic field sensors in the
read-heads of hard disks, entering large-scale production within ten years from discovery.
Moreover, magnetic random access memories (MRAM) have the potential of replacing
CMOS based non-volatile FLASH memories in the future [5]. On the other side, the physics
of spin isinteresting for the field of quantum computation [6]. The intrinsic binary nature of
electronic spin suggests it could be used as the basic unit, the qubit, for quantum information
storage and processing.

However, despite these practica achievements of metal magnetoelectronics
semiconductor spintronics has at present the most emerging development. Why
semiconductor spintronicsisinteresting? There are two main reasons for this

e Semiconductor-based spintronics could combine storage, detection, logic and
communication capabilities on asingle chip to produce a multifunctional device that could
replace several components.

e Semiconductors offer a greater wealth of possibilities to create and to manipulate the
nonequilibrium spin by transport, optical, and resonance methods (as well as their
combination).

The basic advantages of semiconductor spintronics cover:
long electron spin lifetime ( 100 ns)
diverse types of interactions between electron spin and environment
possibilities to tune these interactions

controllable optical properties and the ability to amplify both optical and electrical signals

Fifteen yeas ago yet Datta and Das [7] have proposed a design for a spin-polarized
field-effect transistor, or spin FET. In a conventional FET, a narrow semiconductor channel
runs between two electrodes named the source and the drain. When voltage is applied to the
gate electrode, which is above the channel, the resulting electric field drives electrons out of

the channel (for instance), turning the channel

into an insulator. The Datta-Das spin FET " T

(Fig. 2) has a ferromagnetic source and drain a

so that the current flowing into the channel is e
spin-polarized. When a voltage is applied to 'f '—}'f '—}( '—}'f j"’ i

the gate, the spins rotate as they pass through | — 77 —7 ™ ™ =7 &
the channel and the drain rejects these anti- Y LTE BTNy
aligned electrons. N AN N AN

A spin FET would have severa
advantages over a conventional FET. An
electron’s spin flipping takes much less energy
and can be done much faster than an electron
pushing out of the channel. One can also imagine changing the orientation of the source or
drain with a magnetic field, introducing an additional type of control that is not possible with
aconventional FET: logic gates where functions can be changed on the fly.

Fig. 2. Scheme of the Datta-Das spin field-
effect transistor [7]
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The last years many quantum structures that provide the spin-polarized states and
transport were proposed and designed [1]. They can be classified in: layered magnetic
structures, hybrid layered  ferromagnetic/superconductor structures, hybrid
ferromagnetic/semiconductor structures and pure semiconductor structures. A direct approach
to obtain spin polarization of the carriers in the structure is the injection of spin-oriented
carriers from the magnetic component of the structure. However for such hybrid structures it
has recently pointed out a fundamental problem inherent in the electrical injection of spin
currents from metal into semiconductors, the so-called conductivity mismatch. Therefore the
pure non-magnetic semiconductor structures remain the more attractive systems for the
spintronics.

At present fundamental studies of semiconductor spintronics include:

1. Time-resolved optical experiments

2. Spin dynamics in magnetic semiconductors

3. Spin dynamics in quantum dots

4. Spin injection

5. The Datta-Das spin transistor

6. Spin-dependent tunneling

7. Spin-related currents.

8. Nuclear spin effectsin optics and electron transport.

In semiconductor spintronics the concept of spin brings an amazing new functionality
into mainstream of charge-based electronics. Moreover, the spin of electron or photon can be
used to store and process information locally, on the nanoscale. Though, semiconductors offer
the most functional advantages (very long carrier scattering time and low noise, for example),
the fabrication of semiconductor-based spintronic device and structures up to now remains a
challenge despite enormous interest to this field. The lack of efficient ways to create and
manipulate spin-polarized charge ensemble in a semiconductor materials or structures by
electrical and optical means, spin injection, leaves semiconductor spintronics till on the level
of fundamental investigations.

The purpose of this paper isto present areview of the recent results concerning the new
concepts and achievements in the area of semiconductor spintronics, which has emerged last
years and which includes the principles and effects of the manipulation and control of the
electronic spin degree of freedom. The ability to control the electron spin requires finding the
corresponding mechanisms of the spin splitting of the electronic states as well as of the spin
dependent transport characteristics. The spin-orbit interactions (SOI) for carriers in
semiconductor nanostructures form the basis of different proposals for new spintronic devices
and this aspect is reviewed in Section 2. In particular, in addition to known channels of SOI
(Rashba and Dresselhause terms, for example) in semiconductor materials and
heterostructures, new terms of SOI, induced by interband interaction through the electrical
polarization or atomic displacement like optical phonons are proposed and analyzed. These
SOI mechanisms have the physical nature in the relativistic quantum mechanics with Lorentz
boosts and this aspect is highlighted.

In Section 3 some particularities of the electronic states of semiconductor quantum well
(QW) related to the intrinsic Rashba SOI and Rashba like SOI induced by the electrical
polarization (EP) are studied. Theintrinsic SO coupling is shown to conserve spin degeneracy
of a symmetric QW in accordance with the results of other papers. However, it influences
considerably QW size quantization states transforming the latter into interface states at some
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value of the in-plane wave vector. The interface states are shown to occur even in tunnel
barrier structure at finite value of the in-plane wave vector. The evolution of such interface
states under EP induced SOI are studied for different QWSs, and it is established that they
become strongly spin-splitted as well as size quantization states.

Several aspects of spin-dependent tunneling characteristics of single barrier
heterostrucrure generated by the intrinsic Rashba SOI and Rashba like SOI induced by the
electrical polarization (EP) are investigated in Section 4. In particular by the transmission
coefficient and the tunneling time investigation of a symmetric barrier structureit is show that
EP induced SO coupling leads to sufficient spin-dependent tunneling characteristics of such
structure.

Section 5 includes some results dealing with the new discovered recently spin Hall
effect (SHE). The SHE is investigated in a two-dimensional electron system with the SOI of
both intrinsic and EP induced types. A spin current perpendicular to the electric field is
generated by both SOI. The direction of spin current is controllable by tuning the magnitude
of the surface electric field perpendicular to the two dimensiona plane via adjusting the
traditional Rashba coupling and EP SOI coupling. Some new peculiarities of SHE, induced by
interband interaction of heavy and light hole bands through electrical polarization or atomic
displacement like optical phonon are reveded in p-doped semiconductors with band
degeneracy in the framework of Luttinger Hamiltonian.

2. Spin-orbit interactions and semiconductor spintronics

In semiconductor spintronic structures the spin dynamics of carriers in general aspects
can be controlled by different types of magnetic interactions - dipole-dipole interaction, spin-
orbit interaction, exchange interaction, hyperfine interaction with nuclear spins. Spin-orbit
interaction is considered to be the main channel for carrier spin manipulation [1,8] due to its
comparatively large magnitude and due to the possibilities of using the electrical fields and
optical phenomenafor modification of spin states.

The spin-orbit interaction (SOI) arises as a result of the magnetic moment of the spin
coupling to its orbital degree of freedom. It is actualy a relativistic effect, which was first
found in the emission spectra of hydrogen. SOI is a relativistic effect that occurs when a
guantum mechanical particle with a non-zero spin moves in a region with a non-zero electric
field. When an electron is moving with relativistic velocities in a static electric field, in the
rest frame of the electron the original static electric field transforms into afield that has also a
magnetic field component, its magnitude is given by the standard L orentz transformation

Beif (x) = (v x E(x))/c 2.1
The presence of this effective magnetic field that the electron feels in its rest frame

affects both the dynamics of the spin and the total energy of the electron. This interaction is
called spin-orbit interaction.

The Hamiltonian describing traditional SOI in quantum mechanics of a slow electron in
avacuum, derived from the four-component Dirac equation [9], has the form

Hsol(r) =

& (=
= G(E(r) x v) 22)
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where my, isthe free electron mass, & is the Pauli matrix vector and E(F) is an electric
field.

Presence of the field E(F) in Eg. (1) suggests that an electron possesses a dipole
moment [10]

- (6 x V) (2.3)

Thus even for an electron in a vacuum Hgo(F) reveals two important aspects. One is
related to the fact that its magnetic moment x of an electron is proportiona to its spin
§ = h6/2 and Hgg is like Zeeman interactions, and the other is connected to its dipole
moment, which involves electron velocity v, and Hgp is like electro-polarization
interaction.

In crystal structures due to symmetry properties of materials, band structure effects and
other various factors influencing the motion of the carriers, the SOI becomes stronger and has
diverse channels of manifestation [8]. The static electric field causing the spin-orbit
interaction can have different physical origins, for example being the electric field of the
atomic nucleus, or related to the crystal or band structure of the solid.

Enhancement of SOI in crystals occurs from two basic sources. Thefirst part appears as
aresult of fast electron motion in a strong electric field near nuclei through the band structure
effects. For example, the equations of the two-band scheme of narrow gap semiconductors are

similar to a Dirac equation but with the forbidden gap Ey instead of the Dirac gap 2rr1002.
Therefore Hgg after the reduction to one band model becomes

1 |, .= Ve |-
Hy = ﬁ{ P x hV[EHG (2.4)

The difference in equations (2.2) and (2.4) reflects enormous increase in SOI in narrow
gap semiconductors as compared to a vacuum.

Second type of enhancement and diversification comes from the symmetry of materials
and of solid-state structures, which is essentially lower than the symmetry of a vacuum. This
leads to new terms in SOI that critically change spin dynamics appearing in carrier
Hamiltonians. In the area of semiconductor spintronics several types of SOI terms are
considered. The specific Dresselhaus and Rashba mechanisms are more frequently explored
for different spintronics applications [1,8]. The Dresselhaus SOI in bulk semiconductors [11]
appears as a result of the asymmetry present in certain crystal lattices, e.g., the zinc blende
structures. For a two-dimensional electron gas in semiconductor structures with appropriate
growth geometry, the Dresselhaus SOI has the form [8]

Hp =aD(O-xl2x _O_yley) (2.5)

where ap is the Dresselhaus coupling constant, which ranges from about 2 . 107° eV

cmto 2. 10° eV cm and decreases rapidly with the quantum well width.
The Rashba SOI [12] arises due to the asymmetry associated with the confinement
potential in z-direction of the structure and reads as

H;=0ag (lezy - aykx) (2.6)

10
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Being related to the structure confinement potential Rashba SOI is of interest because of
the ability to electrically control the strength of thisinteraction.

The above mentioned mechanisms of SOI stem from the electron orbital motion and are
related to the 3D gpatial angular momentum. At the same time there are angular momenta
related to the generators of so-called Lorentz boost, which traditionally have aways been
ignored because their infinitessmal generators are not conserved and their eigenvalues can not
be used to label physical states[13]. However, recently [14] it was shown that the generators
of Lorentz boost have a nontrivial physical significance in quantum mechanics, and they do
have interactions (including SOI) related to the generators of Lorentz boost. It was shown [14]
that in a charged system the nonzero space-time components of 4D angular momentum tensor
(i.e. the generators of Lorentz boost) correspond to an electric moment similar as nonzero
purely spatial components of 4D angular momentum tensor (i.e. the generators of 3D spatial
rotation) correspond to a magnetic moment.

In this generalized case, the infinitesimal generators of the Lorentz transformation are

w o u v
z —4[y % ] (2.7)

i.e., the 4D spin tensor of electron, which is written in (2.7) through Dirac y matrices. Using
the totally anti-symmetric tensor &' with ¢ =1 (i,j,k = 1,2,3) it is easy to show that

- . 1 :

¥=(2,%,,2,) with =, = Egijkslk

isthe usual spin matrices (as the generators of 3D spatial rotations). In addition to that
they’re appearing the generators

R = (SOl Sozsoa)

of Lorentz boosts related to space-time rotations and called [14] spin-like matrices.

In terms of the Pauli’s matrix vector o, the spin matrices £ and spin-like matrices K

are expressed as

11
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~ -\2
.3 (p - A) e =x e =

i Oy [P e g S $B 4+ g S RE |y 212
a” om 9s om Iom -V (212)

This equation illustrates that. the electron in vacuum will behave as though it has a
magnetic moment operator

RS

2m

and an electric moment operator

ZK

2m

The magnetic moment related to the spin matrices X . , is nonzero in the rest frame of

electron ( the magnetic moment is intrinsic); whereas the electric moment, related to spin-like
matrices K, isthe relativistic effect of the magnetic moment ( the electric moment is induced).
Thus, just as that the spin degrees of freedom related to the infinitesimal generators of spatial
rotation (i.e., the spin matrices ¥ .) bring an intrinsic magnetic moment for electron, the spin-
like degrees of freedom related to the infinitesimal generators of Lorentz boost (i.e., the spin-
like matrices K) bring an induced electric moment for electron. The physical nature of the
latter is related to the aspect that an electron with spin degrees of freedom has also the spin-
like degrees of freedom, which belong to the particle-antiparticle space. This space is
spanned by the positive- and negative-energy states of electron and a superposition of plane
waves of positive- as well as of negative-energy is necessary to obtain a wave packet of
electron. In result an induced electric moment for the electron occurs.

This new fundamental quantum attribute of the electron in vacuum [14] - induced
electric moment must have a lot of richer manifestations in crystals, in particular in
semiconductor materials and structure. One such new channel of interaction of the carriersin
semiconductor materials and heterostructures is related to electrical polarization appearing in
spontaneous way due to the atomic displacement of two sublattices of semiconductors or due
to piezoelectric effect induced by strain. In the two band model of semiconductors with
similar conduction and valence bands (like PbTe) a variant of such effect of the electrica
polarization on the electronic states of semiconductor heterostructures has been considered in
papers [15, 16]. Such term was introduced by symmetry considerations in order to describe
the relative displacements of two sublattices of the semiconductor compound of lead telluride
type. Being the displacement of cationic and anionic sublattices it is accompanied by
electrical polarization [16]. Thus in this simplest two band model the equations of the
electronic states with incorporated electrical polarization or displacement are written

h hYR) (EM/ 2+Qn) & p-ic UM (k) (R 2.13)
he RAR) (6 p+icUN -EM/ 2+QD)\R) R) |
where Eg4 (F) is position dependent band gap of the semiconductor. In the case of

heterojunction Q(F) isthe external applied potential, p = ipV is the momentum operator (p
being momentum interband matrix elements), U(F) is the term related to the above-mentioned
electrical polarization or displacement. F, and F; are the components of the spin wave
function.

12
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Equation (2.12) is of Dirac type which includes the term & U(F). Its quantum

mechanical nature in connection with Lorentz boots [14] on the one side, has been discussed
above, but on the other side it represents the interaction of conduction and valence bands
through optical phonons. In this aspect we mention that the interband interaction through
acoustic phononsin the context of SOI and SHE has been analyzed recently [17].

In order to identify the SOI terms following traditional procedure of the transformation
of Dirac-like equation in the Schrodinger ones we reduce the corresponding set of four-
coupled first order differential equations. These can be written as:

-1
HeFe = {[hc + h/][E - h/] h/c}':c = ER
where F, = (f,,f_) is the conduction band envelope function spinor with the

component for each spin orientation and E is the electron energy measured from the
semiconductor midgap.

Following the outlined procedure and using the relation
(6a)5b)=(ab)+isab
the Hamiltonian is H getting the form:
H,=h +p(E—h,) p+Ps[V(E-h ) x pl++U?(E—h )"+ PY|T(E-h)*]-
~26[J(E-h,)" x p|-iPa[V(E-h,)* xU]|-iPsratlU(E-h,)?)
From this expression we observed that even in the two band model with mélzué:():l spin

like degree of freedom through the mechanism of electrical polarization or atomic
displacement, new SOI terms appearing in the reduced Schrodinger like Hamiltonian. The

term U2(E - h,)_l is the operator related to the energy of polarization, while the terms

Pﬁp(E — h,)_lJ express the hydrostatic and shear deformations induced by optical like

displacement of the sublattices. Thisterm is similar to the strain term that appearsin the result
of usual interband acoustic hydrostatic and shear deformation [17]. However in the context of
the problem analyzed in the present paper the two last terms of EQ. (2.14), which describes
SOl induced by electrical polarization or displacement are more important. The term

25b(E ~h) X pJ looks like traditional SOI term P&[ﬁ(E ~ )t x pJ, where the
electric field related to V(E —h, )™ is replaced by electrical polarization. The last term looks
more unusual. The term iP& rot(U(E - h,)‘l) describes the SOI induced by the vector of local

rotation of the lattices Q = ;rotU [18] which together with symmetric tensor of deformation

Is the antisymmetric part of the general distortion tensor.

Also a part of analyzed term iPé‘[V(E ~h,)*x UJ describes the term of SOI induced by

rotation like interaction of electrical and polarization fields. Following [19] and introducing
the effective masses of the two band model

. 12 Eg(r) .
i E) = 2P2(5+ 9 o
the Hamiltonian is rewritten

13
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2 2 m 2 m P’m 2P

in? (0 =) in?(. [U
+ —o|—xV|—-—|orot|—
P m 2P m

In the case of two dimensional layered heterostructure with variation of the parameters

in one z direction and polarization vector U oriented in the same direction U = {0,0,U(2)}
the Hamiltonian H takesthe form.

E.(F 2 _ _ 2 _ 2,2 2/ i
o= B0 o) - 2oty g L. 5). Y 2 79)

(2.16)

T2 dzmZ)dz 2mz) 2PPm(z) 2P dz\ m(z)) "

) T o) , 217

where k, and k, arethe wave vectorsin the plane of the heterostructure k =K+ kf.

Pd 1 d %k A2 hzd[UJ

In this case the energy is measured from the bottom of the band. From (2.17) it follows that in
this case the SOI induced by electrical polarization is Rashba like [8,12]

3. Electronic states in semiconductor quantum well structures

One of the main issues of the physics of quantum well structures in the context of
spintronic investigations is the formation of spin-split states. Concerning the spin-orbit
splitting of the electronic states in quantum well (QW) structures there exists a vast lot of
investigations. In particular, spin splitted electronic states have been obtained in an
asymmetric quantum well on the basis of Rashba mechanism and the standard envelope-
function formalism starting from the eight-band Kane model for the bulk semiconductors
[19]. Simpler two-band Kane model has been used later to study the spin splitting of the states
in the IV-VI semiconductor QWSs [20], athough in the analysis of the states of symmetric
variants of the QW the effect of spin-orbit coupling has been neglected. However, as will be
shown below athough the effect of Rashba SOI does not lead to spin splitting in the
symmetric QW (as well as to spin dependent tunneling in the symmetric barrier structure) it
can considerably modify the states of size quantization in QW (as well as the tunneling
transmission of the barrier structure). In particular, due
to Rashba SOI size quantization electronic states in the VA I
QW at finite values of the in-plane wave vectors . a |l
transform into interface like states. Moreover such -
interface states will be shown to appear in the barrier m E my z
structure yet at finite values of the in-plane wave vectors b - Fn:/v I
[21, 22].

The electronic states and their energy spectrum are -V,
investigated on the basis of one band Schrodinger like  Fig. 3. The symmetric quantum well
Hamiltonian (2.17) taking into account that reduced \ith width 2a and depth V.
electrical polarization Q(z)= U(z)/m(z) is oriented along
axis z. The last non-diagonal term (2.17) in spin variable
can be reduced to the diagonal form using the following

Electron energy is smaller than well
borders

14
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unitary transformation

—e? ¢€*
uz[ 1 J, (3.)

where ¢ is the angle between IZLand the axis x.The result can be explained as
(kxay - kyO'X)—) K o,
On the basis of (2.17) it is convenient for further calculation to write bulk Hamiltonian
(in the region with constant mass, far from junction interface)
- R2 (., u?) R4
H=-——V2+V(2)+—| kK> +— |[+—k .1, (3.2)
2m 2m p 2mp
and boundary conditions such as

l{vz L klﬂ}// = const
mooP (33)

where 4 = %1 jsthe quantum number that describes the states with spin “up” and spin
“down” in the new spin-coordinate systems (3.1).
Considering potential profile for electrons as shown in Fig. 3 we can treat the problem
using the Hamiltonian (3.2). The Schrodinger equation gives for each region the following
wave functions

v, =C el (34.) 0.3
w, =C,e=dc e (341) 05!
v, =C,e%? (3.4.11) '
where 01!

eV

Q=\/—2?—;E+(ki +1Q,)° is the

wave vector in the barrier region and
K = \/w— (k, +4Q,) is the
wave vector in the well region.

Ener gy,

The notations Q = v were used
p

kC 1 kC 2
. C e . L 1
and the md_ex “b” nc_)tes the quant_ltleﬁ 0 0.5 1 1. '5 2
corresponding to barrier layer (region | k.a

and I11) and index “w” corresponds to _

well region (region I1) Fig. 4. Quantum well structure

) ] 1, 2, 5 and 6 are the bulk dispersion curves; 3 and 4 are
Using at the interface of wave an energy level for spin-up (solid line) and spin-down
functions continuity and condition  (dotted line) electrons.

(3.3) gives the relation of dispersion
for size quantized  €electronic
states [22].
2y0K COS2Ka+ {qz —72%? -[(Q, +k, A)-7(Q, +k, ) }sin 2ka=0 (3.5)

15



Moldavian Journal of the Physical Sciences, Vol.4, N1, 2005

where y = M isthe mass rapport. It isimportant to outline the appearance of spin-orbit

coupling contributions in dispersion equation (3.5) for a symmetric QW without electrical
polarization Q =0 of the layersyet.

The interface states are described by a VA [l
exponential behavior in theregion | and |11 near the \
interface (no oscillatory as in the case of quantum - 1l
dimensiona states) and the change of wave -t+----4-
function (3.1.11) with m
My b myy
w, =C,e®? yC e (3.6) -a a .

Fig. 5. Varation of the potentia
energy in the direction normal to the
barrier. The potential energy is zero in
recions| and 111

gives

2y cosh2xa+{o? + 7%k —[(Q, +k, 4)- 7(Q, +k A jsimh2xa=0  (3.7)
Relations (3.2) and (3.4) give the energy for both size quantization and interface states.

To be more explicit we present in Fig. 4 the numerical results for a quantum well with
width 40 A and depth 300 meV. The effective mass in the well structure is about 0,07 electron
mass and the mass rapport is equal to 2. Electrical polarization is equal in magnitude but
opposite in sign for well and its borders. Thus Q, =-Q,,=4 10°A™

The interface states for spin down electrons appear from k®'to k®? in the domain

where bulk dispersions intersect (curve AB). For spin up, the situation has mirror symmetry
relative to energy axis.

The discussed situation is in accordance with results obtained by Kolesnikov and Silin
for single heterojunction [16, 23].

4. Spin dependent tunneling in barrier heterostructure

The new field of spintronics exploits especially the ability of conduction electrons in
metal s and semiconductors to carry spin-polarized current. In the context of spin injection and
filtering different variants of tunnelling barrier structures have been investigated the last
years. In [24, 25], in particular, an asymmetric barrier was proposed to generate spin-
dependent tunnelling due to interface-induced Rashba spin-orbit coupling. The tunnelling
transmission was shown to become spin-dependent in the result of spin-dependent reflection
by inequivalent interfaces. Recently the Dresselhaus term in the effective Hamiltonian of bulk
semiconductor of symmetric barrier was shown to result in a dependence of the tunnelling
transmission on the carrier spin orientation [26]. However, the difference of the transmission
probability for opposite spin orientations can achieve severa percents as well as in the
structures with Rashba mechanism of spin polarisation. In order to illustrate the possibilities
of combined intrinsic SOI and extrinsic SOI, induced by the electrical polarization, to form
spin polarized tunnel current a simple barrier semiconductor structure is analyzed taking in
account only the conduction band, variation of the potential energy in the direction normal to
the barrier isshownin fig. 3.
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Solutions of one-dimensional Scrhodinger equation for each region with Hamiltonian
given by (3.2) read

w, =C,ei#a) | C glalza) (4.1.1)
w, =Ce® 4 C e (4.1.2)
Y = Cse_iq(z_a) (4.12.3)

whereq = \/Z?E —(k, +2Q,) and x = \/WNKL +1Q,)* are the wave

2

vectorsin the well anin the barrier.
After application of boundary conditions presented in section 2 the relation between
emergent and incident amplitudes of electron beam takes the form

S_ g explic] (4.2)
C
The transmission coefficient T. and the tunnelling time T, aregivenintermsof G and

a by therelations [27]

T.=GG’ (4.3
and
T =MW 0 (4.4)
hq oq
Explicit relations for the mentioned quantities are
2
T, = B (4.5)

A?sinh? 2xa + B® cosh” 2xa
_ m, [1B°(+1)+ Ave® - x?)linh dax - dany *g’x
 hgx A?sinh? 2ka + B? cosh? 2xa
where
A=y*a® —x? +[r(Q, + 2k, )~ (Q, + 2k, )| and B = 2yxq
Relations (4.5) and (4.6) correspond to relations obtained by Paranjape [27] for Q =0,
and A4 =0 i.e. inthe absence of polarization for spinless electrons.

: (4.6)

T

The important characteristics for tunneling of electron with spin are the polarizability
T

= 4.7
T +Te (47)
and tunneling current
=2 ﬂ/znge (4.8)
T

where + means the quantities for spin up or spindown(A =1 or 4 =-1)
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Relations (4.5) — (4.8) take into account the space dependent el ectron effective mass, the
motion in the perpendicular and paralel direction to the barrier, the spin of incident electrons
and the electrical polarization due to the stress of layers. We have plotted the transmission
coefficient via angle of incidence (see Fig. 6) for a symmetric barrier with height
V, =300 meV and width 2a=40 A for different energy of incident electrons. The effective

mass of incident electrons is 0,067 m, and mass ratio y =2. From graphic it is clear that
there is a great difference for transmission probability of electrons with up or down spin

orientation. This fact can 7
be used to obtain a spin A=£l, mb/mi-2 2a-40A Q0.1 Qu-Q Qb--Q

polarization current. A

Although the last three  § -

terms in expression (2.17) 5 01 B el

modify potential - C e T -
(decreasing the height of S 0.0l —— R
the barrier and increasing - D el Tl R
the levels of the borders) 2 ¢ o1 | e T
the curves B, C and D 7 .
presented in Fig. 6 plotthe £ 0. 0001 |

under barrier transmission g

and curve A is for on (=

barrier electrons. o 20 40 60 80
angl e of incidence

Fig. 6. Variation of the transmission coefficient via angle of

incidence of electron beam for barrier structure with height

V, =300 meV and width 2a=40 A. Curves A, B, C and D are

plotted for incident energy E =450, 350, 250,150 meV
respectively. Dotted lines are for spin down and solid lines for spin
up.

5. Spin and orbital momentum Hall effect

In the area of emerging field of semiconductor spintronics one of the difficult obstacles
Is an efficient spin injection into semiconductors. One way isto make last ferromagnetic, such
as (Ga, Mn)As [28],.However its Curie temperature is still lower than the room temperature,
and there are still rooms for improvement towards practical use. Among other variants of spin
injection during the last years spin Hall effect (SHE) was analyzed, which in its extrinsic form
has been discovered more than two decades ago [29]. The extrinsic SHE is related to skew-
scattering mechanism [29] and is based on asymmetric scattering of spin-up and spin-down
electrons from a random impurity potential that includes a SOI term. However, the real
practical interest to this approach of spin current generation has appeared recently after the
discovery of intrinsic SHE [3h,4h], when Murakami, Nagaosa, and Zhang [30] proposed it in
hole doped semiconductors like p-GaAs, and Sinova et a. [31 ] proposed the SHE in n-type
two-dimensional semiconductor heterostructures. After this, two seminal experiments on the
SHE have been done. Kato et al. [32] observed spin accumulation in n-type GaAs by means
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of Kerr rotation, and Wunderlich et al. [33] observed a circularly polarized light emitted from
alight-emitting diode (LED) structure, confirming the SHE in p-type semiconductors.

The geometrical structure of the intrinsic SHE is such that for an electric field applied,
for example, on the z direction, a y-polarized dissipationless spin current will flow in the x
direction (Fig.7). The electric field induced spin current can be summarized by the following
macroscopic relation

Jj = osijk Ex (5.1)
Where o isthe spin conductance, &jj, isantisymmetric tensor.

At the same time, at the microscopic level the spin current is defined by the velocity
times the spin, which is arank two tensor. However, the velocity operator in general does not
commute with the spin operator in a model with spin-orbit coupling. In order to define the
spin current tensor as Hermitian operator that is symmetrized as:

i _1ljgoH oH
31—2(3 aP,-+an SJ (5.2)

where § isthe projection of the spin.

The induced spin current Hall effect
is considered to be

S : +r++++++/ e
dissipationless and unlike the / B L be- -4

anomalous Hall effect can be
realized even in non-magnetic [/———————— =
systems. Murakami et al.[30] z 0 0 -
and Sinova et a [31]. have u

argued, in contexts of p-doped X

semiconductors and 2D Rashba Spin Hall etfect

coupled_systems, that spln-HaII EEBRERERY, o
conductivity can be dominated g Im MF L _
by an intrinsic contribution that - ¥ / j

follows from distortion of [/ A & & & &k & & & /
Bloch electrons by the electric

field and therefore approaches iy 7 schematic illustration of the traditional Hall effect and

a disorder independent value in  gyin Hall effect geometries with the evolution of Fermi level
high mobility systems. The

aspect of dissipationless is one of the central issues of SHE both from fundamental and
practical point of view. Although papers [30,31] dedicated to the topics of intrinsic SHE have
appeared just at the same time

X

In the first papers the analysis of intrinsic SHE was done on the basis of semiclassical
approach. In two-dimensional n-type systems, studied in [31], the Hall conductivity oy, in a
clean limit is calculated from the Kubo formula as

2
Oxy = - % Zn: [, 9% ne (en K JBrzlk) (5.3)

19



Moldavian Journal of the Physical Sciences, Vol.4, N1, 2005

where n is the band index, and integral is over the entire Brillouin zone. BnZ(R) is
defined as az component of Bn(IZ) = VRA](IZ), where

A< il

ou
— i + nk 42
nk> - I-[mit cell "Nk k; d* 4

and u,, is the periodic part of the Bloch wave function ¢, (x) = €*u_ (x). This

BnZ(E) represents the effect of Berry phase momentum space. nF(gn(E))is the Fermi
distribution function for the n-th band.

By incorporating the effect B(k), the Boltzman-type semiclassical equation of motion
(SEOM) acquires an additional term [34]:

% = %%ﬁk) + Kk x By (K) Ik = —e(E + % x B(x) (55)

The term X x B(x) represents the effect of Berry phase, and it is called an anomalous
velocity. Under the externa electric field, the anomalous velocity becomes perpendicular to
the field, and gives rise to the Hall effect. This Hall current is distinct from the usual Ohmic
current, which comes from the shift of the Fermi surface from its equilibrium. This Hall effect
comes from al the occupied states, not only from the states on the Fermi level. Sinova et al.
[31] applied the Kubo formula to this Rashba Hamiltonian (2.6). For this procedure, they
defined the spin current J,y, to be a symmetrized product of the spin Sz and the velocity

oH
Vy = —. 5.6
V= o, (5.6)
By assuming no disorder, the resulting spin Hall conductivity
-e
= —— - Pp_ 5.7
OsH 167r/1m(pF+ Pr-) (5.7)

where pg, and pe_ arethe Fermi momenta of the majority and minority spin Rashba bands.
However, when nyp > m2/12/7r n E”ED- Pe. — Pe_ = 2mi/h and the spin Hall
conductivity is

jsy e
- Y _ = 5.8
OsH E, 87 (5.8)

independent of both the Rashba coupling strength and the 2DES density.
The origin of the SHE in this model is the following. The Rashba term (2.6 ) can be
regarded as a k- dependent effective Zeeman field Begr = a(z x k). In equilibrium the spins

are pointing either parallel or antiparallel to B for the lower and upper bands, respectively.
An external electric field E||x changes the wave vectors k of Bloch wave functions, and B¢
also changes accordingly. The spins will then precess around Bgg , and tilt to the + z-
direction, depending on the sign of k. This appears as the SHE, and the spin Hall
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conductivity is calculated to be 8£’ in agreement with the Kubo formula. The Dresselhaus
7T

term (2.5) can also be incorporated and if this SOI is stronger than Rashba ones spin Hall
conductivity changes the sign.

By straightforward calculation following [31] it is easy to incorporate the influence of
Rashba like SOI induced by electrical polarization, oriented normal to the 2D systems. As
follows from (2.17 ) in this case the electrical induced SOI leads only to renormalization of
Rashba constant.

In the general case both Rashba and Dresselhaus like terms are generated by electrical
polarization appearing, and its effect is similar to established effect of intrinsic ones.

Initially the intrinsic SHE in p-type systems has been studied [30] in bulk
semiconductors on the basis of isotropic effective Luttinger Hamiltonian of the two-fold
degenerate valence bands of conventiona semiconductors such as Si, Ge, GaAs et a

HL = %Kn - ghjpz - 272(PS)2} (5.9)

where S = (Sx Sy, SZ) are spin 3/2 matrices, y; and y, arethe Luttinger constants.

Following [35] in semiclassical approximation is straightforward to get the relation for
spin Hall conductivity. The semiclassical equations of motion for holes under an electric field
E read as
_ 105k

n ok

X + k x B, (k) hk = —eE (5.10)

n2? ATA T N
HereE, (k) = E(yl + (5/2 — 2 )yz) is an eigenenergy for the band with helicity

L. The Berry curvatureis

given by (a) A spin (b

B, (k) = 202 - 7/2Jk/iC, :

which depends on the .

helicity. El
If there is no

anomalous velocity, the

holes will move parallel to

k. The Berry curvature
gives rise to an anomalous Fig. 8
velocity perpendicular to (&) Schematic of the spin Hall effect for p-type
both K d E. Thi semiconductors [35].

0 y an dogi IS (b) Semiclassical trajectories for the wavepackets with helicity A,
anomaious v ocity s projected onto the plane perpendicular to the electric field E. The
opposite  for  opposite  hick arrows represent the spins.
helicity, i.e. for opposite
spin orientation. This anomalous velocity from the motion aong k , when summed over all k
of occupied states, amounts to a spin current. At the zero temperature, by applying an electric
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field along the I-direction, the spin current in which spins along the i-axis will flow along the
j-directionis calculated as

ij = é(ﬂq@ - kllf)gijl S (5.11)
Here, k,:H and k',:‘ are the Fermi wavenumbers for the HH and the LH bands,
respectively.
A schematic of this effect is shown in Fig. 8 (a).

Taking into account the interband interaction through optical phonons [36] the SOI
induced by electrical polarization or optical like displacement can be incorporated into
effective Luttinger Hamiltonian in the following form

0 iuy +uy —iug 0
—iuy +u 0 0 —iu
Yo ot (5.12)
iu, 0 0 —iuy —uy
0 iu, Uy — Uy 0

Thus the generalized effective Luttinger Hamiltonian including both induced SOI and
the anisotropy terms of the holes iswritten as

~ B2 5 2 202 1202 L2 2)
H = Zrn* |:(}/1 + Eyzjk - 272(kXSX + kySy + kZSZ -

— drg(foc ky + U S Syt + iy ke + Uy Sy, St + ke ke + Uy S, Sl
where [3,5]-2(55, +5,5).

Taking into account that Luttinger like Hamiltonian (1) has two eigenvalues of light and
heavy hole states following the recently proposed approach [37] terms in the anisotropic
Luttinger Hamiltonian can be transformed in terms of a Clifford algebra of Dirac I" matrices

{Falrb}: A0 | 4xa H = y.k* + 2y,d,T,
Where
d, = —/3k,k, ++/3u,
d, = 3k, k, ++/3u,
d, = —/3k.k, ++/3u,
- Lo i)
2 y,
1
d, =572 (2K} -k -k

3

(5.13)

d,

2

The eigenvalue of the operator d,I'/d, where d’=d,d, are +1 so tha, the
eigenvaluesof H are:
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E(k) =7,k* £ 273d(k)

where
2 2
d2(k)= [;—ZJ K + {1—(%] ](kfkj + K22 + k2K?2 )+ 3u? + 6(k K, u, -k ku, —kk,u,)
3

The terms with polarization SOI lead to the spin splitting of heavy and light holes as
illustrated in the Fig, 9,

Following the approach [37] in spherical approximation and keeping only terms linear
in u; the expression for spin conductance is obtained: in analytical form:

1 1 1 1
oy =0,0)+0; (u) = g2 G (k,ﬁ‘ —ké)+625ij|ul (kl__kHj
i 4 PR (5.14)
where k,:Hn k,% are the Fermi wave vector of heavy and light holes of bulk
semiconductors  respectively, ¢ is the
antisymmetric tensor. Energy[eV]
The obtained formula (5.14) for spin- e
conductivy shows that the part ai'j (u) of _ fﬂm_‘% kfnm']
conductivity induced by the polarization u in - T o B LN
. y . . y- . p I m- f‘lfﬂ_ﬂ_—\@‘q\ _\-\-H-H-\
comparison  with intrinsic  part o (0), fo o % .
considered in [30] is proportional to difference e o i, 4
of the inverse values of the hole wave vectors. rd '“':'j A1
LH 0.

In result ailj (w for low doped semiconductors

can exceed i (0). o (0).

. . _ Fig.. 9 Band splitting.by optical phonon like
~ The induced spin currents in the SHE &€ jnterhand coupling in hole semiconductors.
considered to be dissipationless. Murakami et

a.[31] in the first paper have argued, that spin current approaches a disorder independent
value in high mobility systems. The aspect of dissipationless is one of the central issues of
SHE as well as recently proposed orbital angular momentum Hall effect (OAHE) from both
fundamental and practical points of view. Although first papers [30,31], dedicated to the
topics of intrinsic SHE, have appeared just at the same time, the proposed mechanisms of
SHE are of different nature as follows from the above short analysis. In the Luttinger spin
orbit coupling systems, a beautiful physical interpretation of the nature of intrinsic SHE was
done. The origin of the spin- current comes from the existence of a monopole structure in
momentum space, which is directly derived from the Berry phase in spin orbit coupling
systems when Hamiltonian is projected to double degenerated helicity bands. Due to this
topological nature, the conserved spin Hall current in general can be called as topological spin
Hall current.

Recently [38], an orbital angular momentum Hall effect was proposed for two-
dimensiona systems with both Rashba and Dresselhaus SOI. It was demonstrated, that the
orbital Hall current is different from the spin Hall current [31] and has a topologica origin
related to the existence of the magnetic flux in momentum space, while there is no such
topologica nature for the spin Hall current. In this context it is argued that the orbital Hall
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current dominates the transport properties in such systems, especially in disordered limit. The
amprents of SHE are suggested to be only measurable in the ballistic regime.
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Abstract

In this paper we report anew model aimed at the explanation of the magnetic properties
of the trigonal bipyramidal cyanide cluster {[Mn"(tmphen)s]s{Mn"'(CN)e]2} (tmphen =
4,5,7,8-tetramethyl-1,10-phenantroline). The model explicitly takes into account the strong
single-ion anisotropy associated with the unquenched orbital angular momenta of two Mn(l11)
ions, and satisfactory explains the observed temperature dependence of dc magnetic
susceptibility. At the same time the model is compatible with firmly confirmed fact that the
system represents single molecule magnet and provides the theoretical background for the
design of new cyanide-based single molecule magnets with higher blocking temperatures.

1. Introduction

Molecules that exhibit magnetic bistability, commonly referred to as Single-Molecule
Magnets (SMM), are of high interest due to their unusual physical properties and potential
importance for high-density data storage and quantum computing®. To date, amost all the
molecules firmly established as displaying SMM behavior incorporate oxide-based bridging
ligands that mediate the magnetic exchange coupling between metal centers. A remarkable
feature of these systems is that in them all orbital angular momenta are completely quenched
by the local low-symmetry crystal fields, so the oxo-bridged SMMs can be referred to as spin
systems. Such molecules possess a large total spin ground state (S) formed by the isotropic
Heisenberg magnetic exchange, which, when combined with a negative axial zero-field
splitting (Ds <0), leads to the appearance of the energy barrier for spin reversal.

Recently in the interest of producing clusters with larger spin reversal barriers, much
attention has been focused on developing cyano-bridged cluster systems, for which the
strength of the magnetic anisotropy is more readily changed via substitution of various metal
ions. Particularly, the trigonal bipyramidal cyano-bridged cluster
[Mn"(CN)e]o[Mn"' (tmphen)s]s (tmphen = 4, 5, 7, 8 — tetramethyl—1, 10-phenanthroline) was
synthesized and characterized 2. This system (hereunder abbreviated as Mns-cyanide cluster)
contains three equatorial Mn(ll) and two apical Mn(Il1) ions. The obtained temperature
dependence of the static magnetic susceptibility exhibits interesting peculiarities, and at the
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same time the ac-susceptibility signal clearly indicates that this cluster represents a new
SMM.

The Mn(l11) ions in the Mns-cyanide cluster occupy almost perfect octahedral sites. As
a result the strong cubic crystal field produced by six carbon ions leads to the orbitally
degenerate *Ty(t;*) ground term of the Mn(lll) ion. This state carries first order orbital
magnetism. This observation shows that the system under consideration is drastically different
from the oxo-bridged spin systems consisting of orbitally non-degenerate ions possessing
weak (second order) single ion anisotropy described by the zero-field splitting Hamiltonian
D.S?. On the contrary, in the Mns-cyanide one can expect a significant local (single ion)

anisotropy associated with the unguenched orbital angular momenta of the Mn(l11) ions. From
this point of view the Mns-cyanide can be regarded as the first representative of a new class of
SMMs based on cyanide clusters containing metal ions with unquenched orbital angular
momenta.

In this paper we endeavor to develop the model able to explain the magnetic properties
of the Mns-cyanide cluster and its magnetic anisotropy that is required for the SMM behavior.
This model takes into account the first order single ion anisotropy associated with the Mn(111)
ions and includes also the antiferromagnetic superexchange (mediated by the cyanide bridges)
between Mn(Il11) and Mn(ll) ions. The temperature dependence of the dc magnetic
susceptibility is discussed in the context of the SMM behavior of the Mns-cyanide cluster.

2. Moddl

The molecular geometry of the Mns-cyanide is shown in Fig. 1 of Ref. 2. Each Mn(l11)
ion forms three linear cyanide bridges to the Mn(l1)

4 C5(2) centers and is capped by three terminal cyanide
ligands. Five Mn ions form a trigona bipyramid in

which two Mn(111) occupy the apical positions and are

surrounded by six carbon atoms, three Mn(ll) ions

1 reside in the equatorial plane and are coordinated by
the nitrogen atoms. Due to strong cubic crystal field
produced by carbon atoms, the ground term of the
Mn(l11) ion in a cubic field is expected to be the low-
spin (s=1) orbital triplet *Ty(t,"). On the contrary,
weak crystal field induced by the nitrogen atoms
gives rise to a high-spin (s=5/2) ground term

6Ai(t;”ez) of each Mn(ll) ion. Since the closest

intermolecular Mn-Mn distance is 8.77 A [2] we will
neglect the intercluster interactions and consider a
single-cluster problem. The adopted enumeration of
the Mn ions is shown in Fig.1, where the numbers 1
and 2 are assigned to two Mn(l11) ions, three Mn(l1)
ions are marked by the numbers 3, 4, 5.

The model includes the following interactions:

Fig.1. Metalic skeleton of . .(i) The spin-orbiF (SO) coupling operati.ng
the Mns-cyanide cluster: within the ground cubic 3’I’l(t;‘) term (state with
1,2—-Mn(lll); 3,4,5- fictitious orbital angular momentum 1=1) of i-th
Mn(l1) Mn(l11) ion (i=1,2) is described by the Hamiltonian
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Hy =-xlsl, where 1~-180cm™ and x~0.8 are the many-electron SO coupling
parameter for }I'l(t;‘) term, and corresponding orbital reduction factor, respectively * The SO
coupling splits the 3T1 term into three levels with j=0 (A1), j=1(Ty) and j=2 (E,T,),
where j is thetotal angular momentum of the Mn(111) ion in the ground state.

(ii) Trigonal crystal field. The site symmetry of the Mn(lIl) ionsis C;,. The trigonal
component of the crystal field acting on i-th Mn(Il1) ion is described by the operator
Hi,=4(2%-2/3) . This interaction splits the °T, (I=1) term into 3A, (m =0) and

trig =
3E(m =+1). The parameter A isdefined in such away that for 4> 0 the *A, term becomes
the ground one.

(iif) Magnetic exchange. We assume that only the superexchange interaction between
Mn(I1) and Mn(l1l) ions through the cyanide bridges affects the magnetic properties,
meanwhile the interactions between Mn(11) ions are expected to be negligible due to the large
intermetallic distances. The typical values of the parameters of exchange coupling between
cyanide bridged metal ions are of the order of several wave numbers*, i.e. they are two orders
of magnitude smaller than the parameters of the SO coupling and trigonal crystal field. We
will use a simplification similar to that proposed by Lines in his study of the magnetic
exchange between high spin Co(l1) ions® and retain only the isotropic part of the exchange
Hamiltonian. Within this approximation the exchange Hamiltonian for Mns-cyanide cluster is
given by H_ =-2J_ (s +s,)(s,+S,+S;), Where the parameter J,, is assumed to be the
samefor all Mn(l1)—Mn(lI1) pairsin accordance with the geometry of the complex. One can
prove that the magnetic orbitals involved in the exchange interaction are non-orthogonal, so
the exchange parameter J_, is expected to be negative.

The full Hamiltonian of the system looks as follows:

H = (Hi+HigJ#H o+ HE & +1,)+ 05 +5,)+ g (s, +5,+ 5 )], )
i=1,2

where the last term is the Zeeman interaction, that includes orbital and spin parts, £ is the

Bohr magneton, H isthe applied magnetic field. The g-factor for Mn(I1) ionsis alowed to be

dlightly different from 2.
To find the matrix representation of the Hamiltonian (1) we use the basis

[sh(1)sl2 (12)(912) 85:(S) 85(Sus)I M) = (1) (1) (92)(S:)(S) IM,) - ()

where J and M, are the angular momentum and its projection for the entire system, the

meaning of the remaining quantum numbersis clear from eq. (2). For the sake of brevity the
details of calculation of the matrix elements of the Hamiltonian (1) are omitted.

3. Results and discussion.

Figure 2 displays the temperature dependence of T measured for crushed single
crystal a 1000 G in a wide temperature range (1.8-300 K) ? and the theoretical curve
calculated for the set of the best fit parameters. The observed room temperature T vaue is
about 13.70 emu-K-mol™; the 4T value decreases as the temperature is lowered to 10.413
emu-K-mol™ at 45 K, after which point, y T increases to a maximum of 15.685 emu-K-mol™ at
4.0 K. The best fit is achieved for A=-251cm™, J_ =-3.8cm™ and g=1.95, with the

ex —
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agreement criterion (I/N)Y’ [(XT)exp — (T J(T), being equal to 2.9-10° (N =52 s
the number of the experimental points). One can see that the theoretical curve calculated with
this set of parameters is in a satisfactory agreement with the experimental data well
reproducing the magnetic behavior at low temperatures, the minimum at 45 K, and the slope
of the curve in the high temperature region. The obtained relatively small value of the trigonal
crystal field parameter is in line with the structural data revealing almost perfect octahedral
positions of the Mn(I11) ions. The best fit J_, value fals into the range of the typical values

for the parameters of superexchange mediated by the cyanide bridges “.

M|
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— "
16 - _
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E 14 = — 72
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2 g o
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Fig.2. Temperature dependences of yT : circles-

experimental data, solid line — theoretical
curve calculated with the best fit parameters ~ Fig.3. Low-lying energy levels calculated

J, =-38cm?, A=-251cm™, g=1.95 with J, =-3.8cm™, 4=-251cm™

ex —

The scheme of the low-lying energy levels (up to 30 cm™) calculated with the set of the
best fit parameters is shown in Fig.3. The energies are dependent on |m | in accordance with

the axial magnetic symmetry of the system. The ground state of the cluster possesses
IM,|=15/2, and the energies of the low-lying levels tend to increase with the decrease of |m

)
giving rise to a positive magnetic anisotropy defined as Ay = y, — x, . These features of the
energy pattern clearly indicate the presence of appreciable barrier (~ 30 cm™) for the reversal
of magnetization that is compatible with the observed SMM behavior of the Mns-cyanide
cluster. Some irregularities in the disposition of the excited levels vs. \M J\ are unable to
change this conclusion.

The research described in this publication was made possible in part by Award
No.MOC2-2611-CH-04 of the U.S. Civilian Research & Development Foundation for the
Independent States of the Former Soviet Union (CRDF) and Award No. MTFP-04-07 of the

Moldovan Research and Development Association (MRDA) under funding from the U.S.
CRDF.
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IMPACT OF NONLINEAR ELECTRON-PHONON COUPLING IN
MgB, ON HIGH T¢c SUPERCONDUCTIVITY

V. Eremeev

Center of Optoelectronics, Institute of Applied Physics, Academy of Sciences of Moldova,
Department of Engineering and Computer Science, Free International University of Moldova

”True laws of Nature cannot belinear ”” - Albert Einstein

The processes of nonlinear el ectron-phonon coupling in superconductors with two-band
electronic structure are considered. It is shown that the mechanism of two-phonon exchange
between the carriers has a considerable impact on increasing of T¢ of superconductivity in
MgB, compound.

1. Introduction

The recent discovery of superconductivity at 40 K in magnesium diboride MgB- [1] has
provoked a keen interest in the structural and electronic properties of this binary inter-metallic
compound. Particularly the high T¢ caused alot of interest in this compound and its physical
properties. For example the authors of paper [2] have carried out inelastic neutron scattering
measurements of the phonon density of states and compared these results with detailed first-
principle calculations of the lattice dynamics (and electronic) calculations for MgB,. Thus
they conclude that the electron-phonon coupling is nonlinear, providing the essentia
ingredient to explain the high T¢ and boron isotope effect in MgB, [3]. Another research
group considers in [4] that the Exg modes in MgB, have a significant nonlinear coupling with
electrons and suggests that it is stronger than the linear coupling, which signify substantial
contribution to the Cooper pairing from the two-phonon exchange.

Also the high T superconductivity of MgB; has stimulated a strong interest on the role
of band-filling in phonon-driven superconductivity when the charge carriers stem from low
electron or hole density in the conduction band. There is an agreement among theorists that
there are two qualitatively different systems of bands in MgB,: quasi-2D c-bands, and 3D =-
bands, and that the former strongly couple to optical Exy phonon at =~ 600 cm™ [5]. This
phonon mode is calculated to be highly anharmonic, and it also has significant nonlinear
contributions to the electron-phonon coupling. Thus the puzzle of superconductivity in MgB.
Is hidden in it two-gap, nonlinear electron-phonon coupling mechanism (two-phonon in
particular) on Exg-mode related with in-hexagonal-plane vibrations of boron ions. This
mechanism lays off a bridge for the novel joint model of a nanotubular multi-phonon multi-
gap room-Tc superconductivity (RTSC) on base of gallery of whispering circular zero-point
phonon modes (twistons, rotons), in particular Exg-mode, resulting in resonant electron-
phonon coupling. Suggested model is in accordance with some recent experimental data
confirming the effect of nanotubular superconductivity and indicating possible RTSC in 2D
bundles of carbon nanoscale tubes [6].

In this paper the superconducting properties of magnesium diboride considering the
mechanism of nonlinear phonon exchange between the carriers have been studied. The two-
band structure of this compound in processes of interband two-phonon scattering of electrons
is considered. Taking into account the nonlinear mechanism of electron-phonon interaction as
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preponderant in the process of formation of superconducting phase the sophisticated
temperature dependence of the order parameter is found, comparatively with the one-phonon
BCS-like model. The anomalous behavior of the order parameter as a function of temperature
Is observed due to the fact that the electron-phonon interaction “constant” in case of two-
phonon exchange between the carriers increases as a temperature function. One expects that
the nonlinear exchange effects can explain the high T¢ superconductivity of MgB,.

2. Theeffect of nonlinear electron-phonon interaction in multi-band
super conductors. case of two-phonon exchange

The experimental and theoretical results indicate that the compound MgB; has a two-
band electronic structure [7]. Presence of two bands near the Fermi energy in the electron
spectrum of cuprates has stimulated the application of various models with interband
interactions to explain their superconductivity, for example see [8]. In framework of these
results one can consider the simple case of two-band electronic system which interacts with
the phonon subsystem through the two-phonon exchange mechanism. In this model the
Columbian interaction between electrons is not taken into consideration without losing of
physical essence of this process in superconductors. Therefore the interacting electron-phonon
system is governed by the following Hamiltonian, dropping spin indexes

H=He| +th+Hint (1)

WhereHel :zggm(k)artlkam,k ;H ph = zhwqb(;bq ’ |_||nt \/> Z Z(gmn(q)ainkmankth +H C-)
m q

V mnkg
Here V is the volume of the crystal bq+ (by) is the creation (annihilation) operator of the

phonon with g wave-vector and a; (a,) is the electron creation (annihilation) operator in

n-band (n=1,2) with the quasi-wave vector k. The matrix elements of the electron-phonon
interaction constant can be approximated by following expressions

. fi . m e
g (@) ~ider |5 91(q) = lezhl =L 2
paG hpay

where p is the density of the material, & is the energy of the Fermi level, & is the energetic
distance between bands, m* is the effective mass of carriers.

Taking into account the proprieties of the local symmetry of Bloch wave functions for
the down and upper bands, it is not difficult to demonstrate that in many cases when the
second and the first bands arise from the atomic local levels with different symmetries (for
example P and S atomic states) the interband matrix element of the electron-phonon
interaction g, is larger than the intraband matrix elements gi; (912 >> g11) and g2,=0. Also it
is considered the symmetric form of matrix g, i.e. gio= go1.

In the framework of detailed model discussed in [9] the two-phonon cooperative
processes between the electrons of the lowest band through the virtual states of the second
band are considered (see Fig.2 in [9]). The case of overlapped bands [10] is not taken into
account in the proposed model. Thus, it is necessary firstly to eliminate the operators of the
second band from Hamiltonian (1). If the second band is situated at the energetic distance
larger thanx g T , we can eliminate the electronic operators of this band from Hamiltonian (1).

After elimination of electronic operators belonging to second band of superconductor the
effective electron-electron interaction Hamiltonian resulting from two-phonon exchange
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mechanism is obtained [9]. Thus one can write the kinetic equation for any operator A(t) of
electronic subsystem [6].

dA®)\ i, i .
<T> = (Ha:AmD+ E<[H & A(t)]> t)

Here Hy =Y & (k)aa, and
k

. (1+ 2Ng ) 921(00) 219200 A KIAK ) e, +Peo, a5, o, B By, P

e-e
V2 kKt (heog, +hog,)” — ek’ +01+02) — & (K)
2 2 ,
2 s v Ng |921(0)| [ 921(02)] “ 2 (K)o (k) (g, —ha)qz)af;qlﬂz B ;- A @
VKK (heog, —heag,)? —(&r(K'+0y — ) - &1 (K"))?
where
H(K) =t gp(k+01)+ex(k+0y)—& (K +d;+0;,) — & (k)

[2(k +a1) — e1(k + Ay + Qz) + g, |[e2(k + A7) — £1(<) — g, |
b (K) = e(K+0y) +e2(k—dp) —&(k+0d1 —q3) —&1(K) .
2 leak v ag) —er(k + 0y —ap) — hag, ||ea(k —a2) — &1 (K) + hag, |

In expression (4) N = (exp[ha)q I(xgT)] —ﬁl is the mean number of phononsin the g state.

Thus the effective interaction Hamiltonian (4) of the electrons from the first band
through the two-phonon exchange is obtained. From Exp.(4) it results that the interaction is
attractive when the difference between the energies of electrons is smaller as 2hwp (Debay

cutoff). The cooperative interaction between the electrons through the biphonon field is
reduced not only to the simple processes of simultaneous absorption or emission of two
phonons. As a consequence of effective interaction Hamiltonian, here are possible the
scattering processes, i.e. the transitions between two states of the first band can take place
with the one-phonon absorption with g; wave-vector and the emission of the other phonon
with g, wave-vector. This cooperative exchange between the electrons increases with
increasing of the temperature. In other words the effective Hamiltonian is proportional with
the temperature through the mean number of phonons, Ny. Thisis one of the main differences
between the one-phonon Bardeen-Cooper-Schrieffer exchange (BCS, [11]) and the effective
electron-electron interaction in case of two-phonon exchange mechanism. Also the
temperature dependence of superconductive energy gap in presence of this exchange integral
can be modified essentially, as consequence the critical temperature will increase. Thus the
two-phonon exchange mechanism can explain the increasing of critical temperature in many-
band superconductors.

3. Superconducting properties of MgB, considering the two-phonon exchange
between electrons

The influence of the second virtual band position on the creation of the two-phonon
Cooper effect in the first band plays an important role in this model. For example, if the
virtual states of second band are situated near the Fermi level of the first band, the two-
phonon scattering effects with the absorption of one phonon from the thermostat and the
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generation of another phonon can play a more important role as processes with the
simultaneous generation or absorption of phonon pairs.

Considering some approximations in the effective interaction Hamiltonian from Exp.(3)
the Hamiltonian of system is obtained taking into consideration spin indexes:

H =2 & (k)ay ay —GTmZalf'afk'a—kak : 5)
k kK’
1 4 <|921(01 - Q2)|2|921(Q2)|2J 1 hayy, q
wherek = (k, =) and G(T) =~ 3 | +AN i
° v % it lha)ql-qz (ha)‘h'% ) - (hwcb )

Defined the superconductive energy gap A(T) = %mz<a[§afkf>, we can approximate the
%

Hamiltonian (5) in the following form:
H= %gi(k)a;ak —%(A(T)(a_kak )+ Hc) (6)

The diagonalization of Exp.(6) using the Bogoliubov transformations [12] gives us the
following relation for the order parameter as a temperature function

AriceT |, T. 1 oT? oT? 1
AT) =128 |InCy 2| T Te || (7)
J14£(3) T  Al\1+0T“ 1+ 0T

where £(3) is the value of Riemann zeta-function (£(3)~1.2), 4, o are the model

parameters and Tc is critical temperature that is calculated in the framework of two-phonon
exchange approximation used in proposed model [9].

In Fig.1 the comparison of one-phonon BCS-like model and proposed two-phonon
superconductivity model (witho = 0) isrepresented. The decreasing of A(T) as atemperature
function in the proposed model is slower than in one-phonon BCS-like model. This follows
from numerical results and analytic dependence (7). The slow decreasing of A(T) gives us the
higher critical temperature than in conventional superconductivity theory with constant
exchange integral when ¢=0.

A K
EI:I:

sné
4:::5
20 f
e f

1wl

10 z0 20 aw T, K

Fig.1 The temperature dependence of the superconductivity order parameter A(T). Comparison of one-
phonon BCS-like (dotted curve) and two-phonon (solid curve) superconductivity models.
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4. Conclusions

In this paper it is shown briefly that the exchange integral between the electrons
increases with temperature due to the fact that the two-phonon exchange mechanism
stimulates the coherence formation of Cooper-pairs in the two-band superconductors. One of
similar superconductor material is MgB, and we applied the two-phonon cooperative
mechanism of superconductivity [9] for this compound to study its thermodynamic properties.
Basing on numerical calculations we plotted the dependence of superconductive energy gap
as a temperature function and found the critical temperature of analyzed material. The results
of these calculations are in a good agreement with experimental calculations. Thus the two-
phonon (nonlinear in general) mechanism of superconductivity opens a new concept on the
formation of Cooper-pairs in the processes of multi-phonon exchange between the carriersin
multi-band superconductors. The non-traditional temperature dependence of the order
parameter (see Fig.l) is described by a complicated two-phonon exchange mechanism
between the electrons. Also, from Eq.(7) it results that the temperature of phase transition is
higher if the two-phonon interaction is more intensive.
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CRITICAL TEMPERATURE AND ISOTOPE EFFECT IN NONADIABATIC SYSTEMS
WITH “EXTENDED” SADDLE POINT SINGULARITY IN ENERGY SPECTRUM

M.E. Palistrant and V. Ursu

Institute of Applied Physics, Academy of Sciences of Moldova, 5 Academiei str. 2028, Chisinau,
Republic of Moldova

The experimental studies of electronic structure of YBa,CuzOs g and YBa,CusOsg [1] show
the existence of a “extended” saddle point singularity in the band defined by the plane CuO,, In
paper [1] it isintroduced a ssmple model for the appearance of this singular point.Under certain
conditions, applied to the parameters of the theory, one could obtain a one-dimensional density
of electronic states that diverges like the square root of energy

E

N(g):N0
g-¢
0

)

where E is value of the order of electronic energy, ¢o is the critical point. The existence of an
“extended” distinctive feature permits to obtain high T. regardiess of the superconductivity
mechanism (phonon or non-phonon). In [1] the theory is built on the basis of BCS — Migdal
model, which is used for the description of superconductivity in metals, where the relationship e¢
>> @, IS respected (er is Fermi energy, o, is the characteristic phonon frequency). The
compounds marked about, where this distinctive feature was observed, are neadiabatic systems.
This inequality is not respected, and the relationship € ~ o, takes place In this case the theorem
Migdal isviolated [2] and it is necessary to build a theory of superconductivity for the systems
that have an “extended” point singularity disregarding the framework of Migdal theorem and
taking into consideration the additional multiparticle processes.

The objective of this paper is to build the theory of superconductivity for systems that are
characterised by non-adiabatic features (¢ ~ @, Or &g << ®,) and contain in the energetic
spectrum the “extended” saddle point singularity; i.e. a one-dimensional density of electronic
states (1).

We start from the Hamiltonian that describes the e ectron-phonon system and apply the
theory of perturbations [3] to determine the matsubarian Grin functions (normal and abnormal).
The series from the theory of perturbation for self-energetic operators (diagonal X (pQ) and

non-diagonal * 5(PQ) ) considers the diagrams of al the orders of the theory of perturbations by

the electron-phonon interaction, as it is done in the case of adiabatic systems, and additional
diagrams that contain the vertex corrections and correspond to the intersection of two lines of an
electron-phonon interaction. In this way we obtain the following for the operators Xy and s

1
N (PQ) = E ”ZQ VN (PR)G(P1€2),

P31 @

£ o (PQ) = % o, VS PRUF (B2
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where
V (BBy) = ~9%D(Q - QL+ 4gR, (PP )], (3)
VS( I@ﬁl) =-g 2D(Q - Ql)[1+ 245R; (I@ﬁlﬂﬂl) +AgPc ( F)ﬁlQQl)L 4
Here D (Q2—-Q;) correspond to the phonon Grin function

2

D(w) = —%7 %)
(4] +C()0

g° is the constant of electron-phonon interaction, Ao = Nog , R, and R are the vertex and

the intersecting functions respectively (see [4] for the definitions of these functions).

By starting with the relationship in (1) and applying the method of direct calculation in the
same manner as in [2] and [4] (regarding the one-dimensional movement of electrons) the
following expression is obtained for the vertex function

E
[(0+ +o_1, (6)

R, (02)) = P (00) =

1
where
- 2
P+ = Ar arctg Be arctg By 1 (A+ \/71) il
+ = - - ]
AE+BE_ A —+luq A++fl A++BEZ (A, +Juy)? +BY
2
__ B |1 (\N%+AL) 1+ B2 \/!71+PL) +BZ A
P-="72 2 y 2|7 2 a2
A% + B 2_p) +|32 (\/;71 A)2+B2| AZ.B2 ™
B_ B_ B_
x| arctg + arctg —arctg—+arctg——7z®(k—‘/;zl),
w2_a w2ia A A~

O(x)=1 for x>0 and O for x<O0.
The values of A,,B., are determined by the following expressions:

:iz|:\/(,ulia)o)2 +Qf +(,ulia)0)} 2,

I+>

(8)

signQ, yz
B, Tl:\/(wo"',ul) +Q1 _(,Ul a’o):l

On base of (2) — (5), and considering (1) as well, we obtain the equation for the
determination of the temperature of the transition in superconductive state the system under

study

_ 2 2
1 ﬂowj'uld JE 1 @q 1- Qp 1
A ) % P 2 2 2 2|=2 2.2 9
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where
0

Ap = lo[l+ 3/10PV (Oa)o)l (10)
a)O\E/lcz) B JW N
2 (#1_500)(\/\/_/11‘*‘0)0)

\/71( 1 1 J_ 1 \/”1 “0 \/‘71
®o (M *% M=% z(ﬂlﬂo) VA1~ @0 F \/‘71

1 1 ‘F‘\lﬂl “0 \/71‘\#11 “0 Oy — ) +
(g - “’o) r*vﬂl 20 \/71+\/ﬂ1 20 too

+ ;y{arctg W arctg A }9(“’01 - ,u)},
wn— U 0 — U
(00 - 1y) 2 \ @0~ #1 0~ #1

0
Az =g [1+ 310Ry (Owo)] (12)
In the approximation of a weak coupling (T, <<®,) the equation that defines T, could be

presented as
#1 \/71 W dg 1th
p1

Zs oLt 'El

1
Z=1- ||m5|mz,\I Q) o =1+

+

(11)

Bcém

- (I)(a)oy W), (13)

,u1+Za)O ,ul Za) 4(0)0 +W — ,ul)(,ul Za)o)

+1 1+ & 1_i
2 4(,ul+Za)O) 4(/11 Za)o)

_ JAy F+M+Zwo
1 \/ﬁ1+Za)0 \/,ul+Za)O \/,171
L Ja ‘F‘\/“l @ \/71‘\/*11‘2“’0 O (Frzo) +
2 /ﬁl—Za)o r+1/ul wg \/,u>1+,/,u1 Zay 1770

2 ﬂl
arctg | ———— —arctg |————— ®(Za)o ,ul)
Z“’o Hq Zog =~ Hy “’o Z

The analytical equation for the value of T, that results from (13) could be obtained in two
extreme limited cases, asfollows: W ; n.-T. and in the singular point 11,=0.
After highlighting the logarithmic feature by T, in (13) at W; pu;>>T., we obtain

m i
o (“’Oﬁlw) _ ‘1{ H ] 1
0 (14)

L1

2

(15)
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L _
8iiyy | W - /iy H
Tc = {\/; \//Tl:l { \/7 d)(a)oy )} (16)

In the point u;=0 on the basis of (13) thereis

-2
A2 Zo 1 W s
Te = arctg a7
224\ A \/E VW 4(Zoa)o+W) 4 0oZo ANCN
where
0 0
A= j =1,906; Zn=Z|, _n: /1 —/1‘
fchZ 0 |;11—O ‘ul_

In the limits of W — o0, Py = 0, g — oo we obtain on the basis of (16) and (17) while T, <<u
and p; =0 respectively, the relationships that correspond to the results from [1].

The existence of aroot feature singularity in the density of electronic states (1), related to
the one-dimensional law of dispersion of the electrons’ energy in the non-adiabatic systems,
plays a double role in the issue of appearance of superconductivity under high temperatures. First
of all, thisfeature on its own leads to high T, close to the distinctive singular point p;=0. Second,
due to the one-dimensional movement of the electrons and their dispersion scattering “forward”
the impulse transmitted during the electron-phonon interaction is small. This circumstance
results in high positive values of the vertex function and therefore in increase of the value for the
constant of electron-phonon interaction and the critical temperature T..

F
L

Afe, 8 ol

Fig.1. Fig.2.
The solution of equation (13) for the temperature of the transition to superconductivity T.
as a function of pi/wo is represented in fig 1. In the process of calculations the analytical
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formulas (16) and (17) are used as well. The maximum vaue of T, , as in the case of non-
adiabatic systems (linesl,2), asin the case of adiabatic systems (lines 1, 2) is achieved at pi~mo.

The contribution of the non-adiabatisity to the value of T, to a great extent depends on the
parameters of the theory and is considerable for al the values of the relationship pymo,
increasing as the distance from the singular point p;=0 gets bigger. As results from fig 1 the
values for T, that are characteristic of the materials with high temperature superconductivity are
easily obtained in the non-adiabatic systems under study.

dinT

dinM

of wo/u1 isrepresented in fig 2. A significant decrease of the isotopic effect is observed as we get
closer to point p1=0 (in the adiabatic systems described by curves 1' - 2). The qualitative picture
in this case agrees with the results of paper [1]. An additional decrease due to the non-adiabatic
effect is observed at the same time (curves 1,2).

Thus we conclude that the small value of the isotopic effect coefficient in the mentioned
about compounds could be explained by the joint influence of the “extended” distinctive feature
in the energetic spectrum of the electrons and the non-adiabatic characteristics of these systems.

The relationship between the coefficient of the isotopic effect a= - and the values
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UPPER CRITICAL FIELD IN MgB, SYSTEM ON BASE OF
TWO - BAND MODEL

M.E. Palistrant, V. Ursu, A.V. Palistrant

Institute of Applied Physics, Academy of Sciences of Moldova, 5 Academiei str.2028,
Chisinau, Republic of Moldova

The discovery of the high temperature of transition in superconducting state T, ~ 40K in
the simple intermetallic compound MgB, [1] has stimulated researches of this material
properties both in the experimental and theoretical plans. The significant result of these
researches is the discovery of two energetic gaps in the spectrum of the elementary excitations
[2] and the possibility of theoretical describing of this compound on the base of the two-band
model [3].

This two-band model and its generalization for the anisotropic value of the energetic
gaps A; and A; case, [4, 5] confirm the experimental results for the thermal capacity Cs
dependence on temperature, the penetration depth of the magnetic field and other
characteristics in the MgB, compound.

As it is known, the superconductive metals undergo the transition from the
superconductive phase into normal in the magnetic field at its certain value. This transition
which is relevant to the full penetration of the magnetic field into the superconductor, occurs
in the moment when the field achieves the value of the upper critical field He,.

The main purpose of the work is researching of pure two-band superconductor of the
secondary type for arbitrary temperatures close to the upper critical field and the definition of
temperature dependence of the H, value. The calculations are based on the fundamental
equations of the electrodynamics of two-band superconductors [6], which are valid both for
pure and doped superconductors.

If the exterior magnetic field is great enough the order parameters A, (m =1, 2) of
two-band superconductor are small, and we can use equations ref. [6] for pure two-band
superconductor:

A*m()_{):%z Zvnm J‘d yg nn (y’)_{/a) )A*n (y)g n'n (V’X/_a)) ) (1)

o nn

We restricted here by linear terms on A, quantities in comparison with reduced in [6]
because in the H=H, point solutions with the infinitely small values A, occur. Green function
is defined by equation at presence of the magnetic field [7]:

G (1P T 0)= €20 g0 (rr'lw), o r,r')zerj. A(N)dT . ®)

where g°. is Green function of an electron in normal metal without magnetic field. The
presence of the magnetic field is taken into account by the phase multiplier.
We decompose in equation (1) the normal metal function g2, into the row by the Bloch

functions® . (x)=e'®*U . (X)/~/N (U__ isthe Bloch amplitude):
O (V%1 @)= g0a( K KT )P, (9) ¥, (%) ©)

k k'
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and use approaching of the diagonal Green functions. Magnetic field is guided along the
z axis. Besideswe choose the vector potential asAx=A; =0; A =H;x.

On the base of (1) - (3) after calculating the integral by impuls k, averaging by
elementary cells, applying Maki and Tsuzuki metodic [7] and assuming

A (X)=A, exp{— H, XZ} , we obtain:

Io{é:(u _1)}
A ZvnmN 2N j jdg“eXp{—g—(u +1)}Tshm (4)

1

where v, and N, are accordingly electron speed and electron density of state on n-th cavity of
the Fermi surface,

1 4

2re,0y
y Isthe Euler constant , o isthe cutoff frequency.

Basing on (5) it is easy to obtain the equation for the upper critical field definition in the
following form:

S,=(eH, )" (5)

(n)
—A*m+2v N A" |n27“’D +ZVmNnA*{|n%—f(pn)}=0, (©)

where

o2 J.dgj.ush[ug“p‘”z] X

x{l—ex;{ - %z(um)} | {%z(uz—l)}} (7)

Equality to zero of the system (6) determinant corresponds to the presence of non-zero
solutions, that is the connected pairs forming. The field, in the presence of which such
solutions can appear, is the upper critical field He. So the He, value is determined from the
condition of the system (6) solvability:

af(pl)f(p2)+B1f(p1)+B2f(p2)+C:0, (8)
where
B.=NV -aé” ; (n=12

C=1-N an(l) N,V,, §(T2) +a (;:Sl'l) (TZ) ; a=N; N (V11V22 _V12V21);

276053[1), é:(n)zl 270)53“)
c

T T,
The analytic solutions to equation (8) could be computed for two limit cases as follows:
apn<<1l(Tc-T<<Tg; b.pp>1(T<<Ty,

for which functions f(p,,) are defi ned in works [7]

((p)=2f @l @pit g CNPL . <<l ©

(n) _
' =In
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)1/2

(p)=in2 &2 { @+ 22 } p>>1. (10
% TP " Y P

Inthe case of (T.- T << T.) applying the formulasin (10) and (11) we obtain the
following expression for the He, value

ch(T)—47[ [V177 1t 2277 2]_1%(9

_ . ¢ +v7277 i}
v 31 2_§
( w2 j 0" )(75(3)j 2[ | )
T 1 )

0=1 _? 771_5(1+77) 77225(1_77)’

I\|1V11 B N2V22

n= - . (12
\/(N1V11_N2V22) +4N1N2V12V21
Intheb case (T closeto zero) we obtain:
cha-): 1 16y E Zes\,(,a)_sv(l) (/1 ++£ _]+ £OR)+£(2)In 4T
HCZ(O) Iegﬂ-z Tc }/ /17/ eO c
S 2 1
+ —v (l)——v(l)} C; ) (/1 " —17/ "j InA }, (13)
where
v(ﬂ):\/(lnﬂ—n (‘))2 : 4N1Na22\/ 12\/21, S=t1
1. 7 -Ina n°T’el
+=—| 1t == ¢ 0@y 1 A 14
y 2[ w)} Heo (0= o, pv@-v(A)]. (14)

We obtained equation (8), on the base of which the value of the upper critical field in
the two-band model can be calculated on the whole temperature interval 0<T<T.. The
analytic solutions of this equation were obtained for T>T, (11) and T — 0 (13). It iseasy to
notice that H, depends on the correlations of the speeds v; and v , of the electrons on the
Fermi surface, and on the constants of the electronic-phonon interaction Anm.

If HY,(0) and T are introduced (upper critical field and critical temperature of the one-
band low-temperature superconductor), on the base of (14) we obtain:

He, (01 HE, (0 =(T, 1T, exp(v(d)-v(2 ) (15)

The numerical estimations let us make the conclusion, that the upper critical field of
two-band superconductors for T=0 can exceed the value of H?,(0) for usual superconductors

by two-three orders. These big values He,(0) are provided by high T and by ratio vi/ v»>1 or
vi/ vo>>1.

We put the goal to research the dependence from the temperature of the value He, for
the connection MgB; in the whole temperature interval 0 < T < T, . For thisit is necessary to
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estimate the parameters of the two band theory Anm , using the experimental data obtained by
researching this substance [8], [9] :

A, 0)=68mev; (=10 38 Mg  CsCu|  _g7g, (16)
A2(0) N2 CN T=T¢
In corresponding with the two band theory of superconductors we have [10]
A, (0)=2hw,e*?; A,(0)=A,(0)/Z(0), (17)
where
N,V,,—N,V,,/Z(0)
O — 2Y22 2712 ,
(0) 7
V12 N2
alnZ(0)=N,V;;—N,V,, +m— N,V,;,Z(0). (18)

Let’s consider that N,V,, =0, which corresponds to the passivity of the second zone in
forming of the Cooper pairs. On the base of data (16) and equations (18) we get: for
o =0 =700 K-N,V,, = 03, N,V,,=012; for »9=500K, N,V,,=0,33, N,V,,=0,13
for @ ,=300K, N,V,,=0,42, N,V,,=0,16 .
the heat capacity jump at T = T isdetermining by the relation [10]
Cs—Cy =143 (N1+N2/Zc2 )2 _Al(T_)TC)_l_ N,Vo, &
Cy (N,+N, (N, +N, /2%’ TA,(ToT) NV,
The estimate of the ratio Z. on the base of experimental data (16) and on the base of the

first formula (19) gives the value Z. = 3,19. The second formula (19) gives the value Z; =
3,26. So we concludethat A; (T)/ A2 (T) isn’t aconstant value since Z (0) > Z. .

Fig.1 presents the dependence of the
upper critic field He, from the temperature,
which is obtained by numerica method of
solving equation (8) and using its analytic
solutionswhen T << T (13) and T ~ T, (11).
The used parameters are
N]_ V11 = 0,3 y N2 V12 = 0,12 , N]_/ N2 = 0,8 .

.(19)

HC2(T) HCZ(O)

Vl Vl
The case —=1 (curve 1); —= 2 (curve 2);
V2 V2

Vl
—=3 (curve 3).
V2

The interrupted curve is corresponding
to the experimental dependence[11].

Fig.1

Using other parameters of theory obtained for o & = ¥ =500 K and 300 K we do not

get an essential new result. A more important role belongs to the values of ratiosvy / v» .
It is easy to see that with growth of v, / v, , the curvature in this dependence changes.
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The obtained above results let us make the conclusion about qualitative describing of
the experimental data by the behavior of the ratio He, (T)/ He (0) as a function of
temperature [11] in the intermetallic compound MgB,, and a so about big values of He, (0) in
this compound in comparison with one-band system case.
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CRYSTAL STRUCTURE AND OPTICAL PROPERTIESOF SYSTEMS
LnF3s-CeF3 (Ln-Sm, Eu, Yb) AND EuFs-TbF3

V. Zinchenko!, O. Eryomin', N. Efryushina’, I. Stoyanova®, V. Markiv?, N. Belyavina®

'0.V. Bogatsky Physico-Chemical Institute of NAS of Ukraine, 86, Lustdorfska doroga,
65080 Odesa, Ukraine
“Taras Shevchenko National University, 60, Volodymyrska Str., 01003 Kyiv, Ukraine

The interaction and structure of phases in systems LnFs-Ln'F3 (Ln-Sm, Eu, Yb Ln'-Ce,
Th) are studied at 700-1100°C. Formation of solid solutions on the basis of binary fluorides of
lanthanides is established. Appearance of fluorite-like phases of a structure LnF,.x beginning
from 1000°C is observed. The content of the latter notably increases at heat treatment in
vacuum. The formation of Ln(ll) in systems LnFs-Ln'Fs is confirmed by appearance of
intensive bands of absorption in UV range of a spectrum. They are caused by 4f-5d electronic
trangitions in ions Ln(l1) and charge transfer Ln'(1V) — Ln(I11). The intensity of bands of
absorption increases with temperature rise and in a series Sm-Yb-Eu and Tb-Ce, that is in
agreement with strengthening of interaction in the studied systems.

Samarium, Europium, Ytterbium, Cerium and Terbium fall to elements of a lanthanide
series, for which the variable valence Sm(l11) and Sm(1l), Eu(lll) and Eu(ll), Yb(lIl) and
Yb(Il), Ce(lll) and Ce(IV), Tbh(lll) and Tb(I1V) is peculiar. This feature gives a definite
originality to interaction between fluorides of the indicated lanthanides. The initial
compounds of systems are obtained by a fluorization of oxides of lanthanides by a
hydrofluoric acid (H,F;) or ammonium hydrofluoride (NH4HF;) with the subsequent
dehydration and refusing in inert atmosphere [1]. The powders of systems were extruded in
tablets and sintered at temperatures 700-1100°C in inert gas (He). A part of last sample was
incinerated at 1100°C in vacuum 10'Pa. One of the tablets was evaporated in the vacuum
installation VU1A at residual pressure ~10°Pa with subsequent deposition of thin-film
coating. The optical and operational parameters of coating were determined by a standard
technique [1]. The X-ray diffraction and X-ray phase analysis were conducted on the
automated vehicle DRON-3 with application of filtrated radiation CuK, by a specialy
designed technique [2]. The spectra of a diffuse reflection of powders were measured with the
help of the spectrophotometer Lambda 9 in the range 200-2700 nm [3].

The outcomes of the X-ray phase analysis testify that the hyperthermal interaction
between fluorides of lanthanides results in formation of solid solutions on the basis of each of
components, and, in some cases, the formation of one continuous solid solution (Tab. 1). In
the systems SmF;-CeF; and EuFs-CeF; at high temperatures only high-temperature
modification (B-LnFs3) takes place. The temperature rise results in stronger change of a phase
structure and parameters of lattices of solid phases in comparison with the initial components.
At rather high temperatures - 1000°C for a system EuFs-CeF3 and 1100°C for a system Y bFs-
CeF3 the appearance of new phases - solid solutions of fluorite-like structure of composition
LnF,.x - is observed, the basis of which is formed by ions Ln(Il). At hyperthermal processing
in vacuum the content of such phases in the indicated systems essentially increases, and also
results in appearance of admixture of a similar phase in the system SmF;-CeF3. The data of
spectroscopy of adiffuse reflection confirm availability of ions Ln(l1) in the studied systems.
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Table 1. Structure of phases and parameters of their crystal lattices

in the systems LnF3-CeF; (Ln - Sm, Eu, Yb) and EuF3-ThF;

System, Conditions of thermal :
50 mol. % treating Structure of phases and their parameters, nm
Annealing in He, CeFs3, hex. (88%), a=0.7020, c=0.7187
1100°C B-Smk3, hex. (12%); a=0.7020, c=0.7187
SmFz—Cel3 —
Annealing in vacuum, SMF24x, cu(l)a.(<1i/o), a—0.56_80
11000(: Cng, heX (>99 /O), a—07036, C—07196
o B-EuFs, hex. (37%); a=0.7039, c=0.7179
Annealing in He, EuF2+, cub. (33%), a=0.5829
1100°C CeFs;, hex. (30%); a=0.7167, c=0.7297
EuFs-CefF3
o B-EuFs, hex. (36%); a=0.7004, c=0.7151
Annealing in vacuum, EUF+y, tetr.(44%), a=0.3968, c=0.7282
1100°C CeFs, hex. (20%); a=0.7107, c=0.7282
o a-Y bF3, rhomb.(52%), a=0.6263, b=0.6820
Annealing in He, Y bFasy,cub. (8%), a=b=c=0.5471
1100°C CeF, hex. (40%); a=0.7032, c=0.7185
YbF3—C€F3
a-Y bF3, rhomb.(21%), a=0.6261, b=0.6830,
Annealing in vacuum, c=0.4458
1100°C Y bF..« cub. (19%), a=b=c=0.5460
CeF3, hex. (60%); a=0.7012, c=0.7150
EUE-_TbE Annealing in He, a-EuFs, rhomb.((Eu, Tb)Fs) (100%),
s 1100°C a=0.6579, b=0.6993, c=0.4393

Redly, besides weak-intensive peaks of absorption characteristic of ions Ln(I11) in
visible and near IR range of a spectrum (fig.1), in UV range of a spectrum appearance of
broad and high-intensive bands of absorption (fig.2) for annealed samples is observed. Their
intensity increases in a series of systems Eu-Th, Sm-Ce, Yb-Ce, Eu-Ce. The interesting fact is
the shift of band maxima in short-wave range at decreasing of a range of symmetry of lattices
of the formed phases (Tab.2).

Table 2 - Positions of extrema on the diffuse reflection spectrain the UV interval of powders
of the systems LnF; - Cel3(Ln - Sm, Eu, Yb) and EuF; - ThbF;, annealed in He at 1100°C

System Amax, NM F(R)max AH % ., kImole
SmF-- CeF- 312 1.372 269
EuR;- CeR; 304 3.445 129
Y bF: - CeF- 249 2.254 209
EUF: - ThF: 243 1.14¢5 302
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These bands are caused by the 4f-5d electronic transitions in ions Ln(l1) [4], and aso
processes of a charge transfer Ln(l1)— Ln(ll1) and Ln'(lll) — Ln'(IV). At rise of heat
treatment temperature and effect of vacuum the intensity of bands increases.
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Fig. 1. Diffuse reflection spectrain the UV interval of spectrum for powders
of the systems (1100°C, He): 1- SmF3-CeF3, 2 - EuF3-CeF3, 3 - YbF3-CeFs, 4 - EuFs-TbF;.
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Fig. 2. Diffuse reflection spectrain the near IR interval of spectrum for powders
of the systems (1100°C, He): 1- SmF3-CeF, 2 - EuF3-CeF3, 3 - YbF3-CeFs, 4 - EuF3-TbF3.
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The possible causes of origin of ions Ln(ll) and Ln'(1V) in systems can be redox
processes in the indicated systems:
LnF3 + Ln'Fs — Lnk2 + Lnk,

As the thermodynamic estimation demonstrates on the basis of the data [5], the

probability of such processes is not so high (AH%g, >0). However, the temperature rise

should essentially move equilibrium of reaction in the side of formation of LnF, and Ln'Fa.
This aso is promoted by formation of solid solutions and compounds on the basis of the
mentioned fluorides, and aso evaporation of Ln'(IV) fluorides, which are rather volatile
compounds at high (>1000°C) temperatures [6]. Symptomatic is the availability of inverse
relationship of intensity of bands of absorption (as well as content of phases such as LnF;.
from value of AHJg, >0 ) (Tab.2).

Thin-film coatings obtained by vacuum evaporation of samples of systems EuFs-CeF;
and YDbF;-CeFs, have essentially different optical and operational parameters. So, the
scattering coefficients have values 0.07-0.1% and 0.4-0.45%, respectively, and their
mechanical durability - 17000-19000 and 1000 rotations before wiping of coating,
respectively. Apparently the degree of interaction favours improvement of properties of
coatings.
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Abstract

High voltage breakdown (HV ) tests was carried out to investigation electrical properties
of high temperature MgO-ZrO, insulation coatings on long-length stainless-steel 304 (SS) tapes
under various pressures at room temperature (298 K) and liquid nitrogen temperature (77 K) for
applications of HTS/LTS coils and magnets. Solutions are prepared Mg and Zr based precursors
and insulated on SS substrates using reel-to-reel sol-gel technique. Thicknesses of coatings (7 and
12 um for 4 and 8 dips) and stycasted ribbons were determined by using Environmental Scanning
Electron Microscope (ESEM). HVpy and dielectric constant of ribbons have been presented

graphicaly.

1. Introduction

Sol-gel ceramic-based insulation coating have been developed at National High Magnetic
Field Laboratory (NHMFL) for fabricating turn-to-turn electrical insulation for high temperature
superconductor (HTS)/low temperature superconductor (LTS) coils [1]. Sol-gel coatings were
prepared using various precursors and solvent so that coatings are processed to apply to both high
temperature and cryogenic temperature when needed. The advantages of sol-gel process and
applications reported elsewhere [1,2,3]. ZrO2 based coatings have ability of chemical stability,
high resistivity, large relative (¢=20) dielectric constant and good phase transformation [4,5].
Therefore sol-gel MgO-ZrO2 insulation coatings are passionately applicable to HVbd tests for
HTSILTS.

Previous researchers at NHMFL studied electrical properties of MgO-ZrO, coating without
applying pressure at 298 K, while insulating on Ag and AgMg/Bi-2212 superconducting tapes
[3,6]. They showed that ZrO, provided sufficient turn-to-turn insulation after 13 dipping in this
process [7]; MgO-ZrO, does the same with only 8 dipping. We studied electrical properties of
sol-gel MgO-ZrO, insulation coated on SS tapes in our recently published paper [8]. In this work
we studied HVpy and dielectric properties of the sol-gel MgO-ZrO, reel-to-reel insulation
coatings as function under various pressures at 298 K and 77 K.

2. Experimental procedure
The MgO-ZrO, coatings were insulated on commercial 304-SS tapes by using sol-gel
precursor dipping technique in air. The prepared solution consists of dilute and normal. The
normal coating solution consists of 20 mol % MgO and 80 mol % ZrO,, which was prepared
using zirconium tetrabutoxide, isopropanol and acetone. Dilute solution is obtained by adding
equal amount of isopropanol to normal solution. Zirconium tetrabutoxide and several Mg based
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precursors were used as precursors, which was prepared as clear homogenous by stirring for an
8 h period at 100 rpm. The detail information on solution preparation and coating process can be
found in Refs. [1-3]-[6-8].

Conductor substrate SS tapes were cleaned with acetone in air. Then SS tape was coated by
MgO-ZrO, solution and the coating process was repeated 4 and 8 dips. Coating thickness is
regulated with dip numbers, viscosity of solution, wetting and withdrawal rate. By cutting the
tapes as 10 cm long, two kinds of samples were produced for each 4 and 8 dips. First, ribbons
were made without stycast; the second, the gap of the layer was filled with stycast (2850 FT/11
Black, Emerson & Cuming). The thickness of coating and stycast were determined by using
ESEM, as seen in Fig 1. Ribbons were placed for testing the experimental set up as shown in
Fig.2, in which HV 4 and capacitance was measured by Model 200-02R High Voltage Power
Supply and 161 Analog Digital Capacitance Meter, respectively. For each measurement, the
process was repeated at least three times. The dielectric constant of samples was calculated by
using Eg. (1) without taking into account effects of strain.

. C(d, +d,)

r f A D

where ¢, is dielectric constant of insulation coatings, &, permittivity of free space (8.854 10
F/m), A is coated areain the sandwich, d, istwice the coating thickness, and d, isthe stycast

1132 wem 4106 pm
A je <
o K ‘.' :

FPress

Contact poit Sample
310
A T Al Sl g0 Flate Teflon Tape
Fig.1. The thickness of insulation and Fig.2. Experimental set up HVq tests

Staycast of 8 dips samples.

Table |.The average values of HV g, €lectric strength and dielectric constant

Room Temp. (298K) Liquid Nitrogen Temp. (77K)
Dip Number 4 8 4 8
Without stycast (WOS)
HV b4 (kKV) 0.18 0.35 0.53 1.21
Electric Strength 13.2 14.8 38.44 494
(kV/mm)
Dielectric Strength, P=0 3.52 4.6 2.79 3.94
With stycast (WS)
HV b4 (KV) 0.85 0.65 2.72 2.78
Electric Strength 5.74 4.22 18.24 18.00
(kV/mm)
Dielectric Strength, P=0 32.90 27.30 27.60 24.60
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thickness, which is zero for the cases without stycast ribbons. Under the stress, the epoxy
between the layer fills the porosity of the insulation coating of the layers and air is leaked or/and
trapped into pores, so that it is extremely hardened; therefore, HVpg may not appreciably change
with increasing pressure on them.

2. Resultsand discussion

As expected, coating thickness, crack in coatings, dopant materials, stycast thickness,
pressure and temperature influence electrical, mechanical properties as well as surface
morphology and structure of insulations. Also, porosity, coating thickness, cracks; dopant,
viscosity, and withdrawal speed influence insulation properties

Table | and Fig.3 show the HV 4 of 4 and 8 dips for WS and WOS ribbons at 298 K and 77
K. HV g values increased with increasing of the coating thickness and temperature. It is clear that
the HV g of WOS samples for 4 dips are lower than that of 8 dips samples, as expected. HV g
values of WOS ribbons are concerning 0.18, 0.53 kV for 4 dips, and 0.35, 1.21 kV for 8 dips for
the former at 298 K and the latter 77 K. HVq practically increases by 3 times for WOS samples,
when cooling from 298 K to 77 K. HVpq of samples WS for 4 dips are about 0.85 kV at 298 K
and 2.72 kV at 77 K for WS samples. At these temperatures the HV g values of the ribbons of 8
dips are 0.65 and 2,72 kV, respectively. HV g values of WS samples increase ailmost by 3.3 times
for 4 dips and by 4.3 times for 8 dips, when cooling from 298 K to 77 K.
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Fig.3. HV,q compression with the ribbons of WS and WOS for 4 and 8 dips at 298 K and 77 K.
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Fig.4. Dielectric constant varies with dip numbers, temperature and pressure with epoxy samples.
It is constant with epoxy impregnation.

As shown in Fig.4 dielectric constant values increased with increasing number of dipping
and pressure for WOS samples at 298 K. This increase at 77 K is lower than that at 298 K.
Dielectric constant values of WS ribbons at 298 K are dlightly higher than at 77 K. This is
probably due to thicker stycast, increased porosity, pinhole and/or higher value of crack cavity.
Dielectric constant values of WS ribbons are about 7.4 and 6.8 times higher than that of WOS at
0 pressure at 298 K and 77 K, respectively. Normally, in spite of the fact that the dielectric
constant of ZrO, was 20 [5], it was measured to be 32.9 and 27.5 for 4 and 8 dipped WS ribbons
at 298 K.

3.Conclusion

MgO-ZrO, was coated on SS-304 tapes at 4 and 8 dips by using reel-to-reel sol-gel
technique. Test ribbons were formed of WS and WOS. Thickness of insulation was determined
by ESEM, which were about 7 and 12 um for insulation for 4 and 8 dips, respectively. HV 4 tests
were performed with these samples under various stresses at 298 K and 77 K. HV 4 values vary
with numbers of dipping. WOS ribbons were cooled from 298 K to 77 K. Depending on this,
HV g values increased by about 3 times. The highest values of HV g is 2.78 kV for 8 dips for WS
at 77 K. Stycast increased the HV g values by 4.7 and 2 times at 298 K, and by 5 and 2.3 times at
77 K for the former 4 dips and the latter 8 dips in which stycast thickness for 4 dips is thicker
than 8 dips. The highest HVpq was 2.78 kV at 8 dipsfor WS at 77 K.

Dielectric constant depends on capacitance, temperature, pressure, coating and stycast
thickness. Dielectric constant values for WOS ribbons gradually increased with increasing
numbers of dipping as well as increasing pressure at 298 K. But this trend is considerably lower
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and adjacent to each other with the number of dipping at 77 K. On the other hand, the dielectric
constant values for WS samples are about constant with increasing pressure, but decreasing with
increasing number of dipping, since insulation thickness for 4 dips becomes thicker than that for
the other samples. The dielectric constant increased by about 7.4 and 6.8 times with stycast at
298 K and 77 K. Dielectric constant of ZrO,is given by about 20 in the literature [5], and in this
work, WS ribbons values are found to be 27-32 at 298 K. HV,q and dielectric constant depend on
dip number, temperature and epoxy impregnation.
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Abstract

Luminescence of LiYF4: Pr** in the visible and near ultraviolet region isinvestigated. In
the visible region, the emissions observed were attributed to intra-4f>-configuration
transitions. It has been shown that these transitions take place predominantly from P, level
and nonradiative relaxation rate between 3P, and D, is weak even at room temperature. The
emission and excitation bands observed in the ultraviolet region were assigned to 4f*-4f5d
interconfigurational transitions. The energy levels of Pr** 4f2 configuration are fitted by using
the crystal field method. The set of free-ion and crystal field parameters corresponding to the
best fits allow to reproduce satisfactorily the experimental spectra.

1. Introduction

The last few years, the Pr** doped compounds acquired a particular importance because
of the possibilities of application in new scintillator materials [1] or tunable UV lasers [2].
The LiYF, crystal is one of the most promising candidates for this last application [3]. The
aim of this work is the investigation of LiYFs Pr** luminescence in the visible and near
ultraviolet (UV) regions and the calculation of energy levels of Pr** 4f% configuration in this
host matrix by using the crystal field method.

2. Experimental details

The method of preparing the LiY F4: 0.24 at. % Pr* crystal has been described in [4]. X-
ray diffraction analysis revealed that LiY F, isisostructural with the scheelite (CawO,) which

exhibits a tetragona structure [5]. The space group of symmetry is C 4h6 (144/5) with four

LiYF, molecules by elementary cell. The Li atom is placed in the center of a tetrahedron
formed by 4 atoms of fluorine; 8 such tetrahedrons surround each Y ** ion. When the Pr** ions
are embedded in the LiY F4 matrix they substitute certain Y** ions, no compensator of charge
being then necessary. Only one site of symmetry characterizes the ions Pr*, it is of S, type.

We carried out luminescence measurements using a Perkin-Elmer LS 55 luminescence
spectrometer at room and liquid nitrogen temperatures. A powder holder was placed at a
suitable angle to the excitation and emission beams to achieve maximum emission and
minimum scattering. The emission spectra were corrected for wavel ength dependent detection
efficiency using the correction curve delivered by the spectrometer supplier.
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3. Experimental results and discussion

In the visible region, the emissions observed are attributed to the 4f* - 4f?
intraconfigurational transitions with low intensities, as they are parity forbidden. Furthermore,
as Pr** site in LiYF, does not exhibit inversion symmetry, one may except forced electric
dipole transitionsto play a prominent role.

Figure 1 displays emission spectra of LiYF4: Pr** measured under P, excitation (440
nm) at room temperature and at 77 K. The most intense peaks correspond to transitions from
3Py to ®He, *F, and ®H, levels. However peaks of lower intensity involving *P; and 'D; levels
are also observed. It is important to note that transitions which take place starting from 'D-
level located at about 3500 cm™* below Py are of much lower intensity compared to those
resulting from 3P,. This indicates that the probability of nonradiative relaxation from 3P, to
D, iswesak in this compound even at room temperature.

Intensity (a.u.)

(b)

1 n 1 n 1 n 1 n 1 n 1 n 1 n
21000 20000 19000 18000 17000 16000 15000 14000

Energy (cm™)

Figure 1 : Emission spectraof LiYF, : Pr** under °P, excitation (440 nm) , (a) at room temperature and
(b) at 77 K.

This property is common to the fluorides which have rather weak frequencies of lattice
vibration (460 cm™ for LiYF,). At 77 K, the transitions starting from D, vanish, as the
nonradiative relaxation rate decreases with the lowering of temperature [6]. The transitions
3P, -*H, and 3P1-*H;s are observed at room temperature but vanish at 77 K, which suggests we
are in presence of thermal population of P, from *P,. The same phenomenon has been
reported previously in PrPsOu4 [7] and in BaSO4: Pr¥* [8]. Our suggestion is supported by the
fact that under P, excitation *P; — ®Hs emission transition is observed at room temperature,
but vanishes at 77 K.

Excitation spectra of LiYF4: Pr** measured for 3Py — *Hg emission wavelength at room
and liquid nitrogen temperatures show excitation transitions from the fundamental level *H, to
3Py, 3Py + g and 3P, excited levels.

Figure 2 shows excitation spectra of LiYF4 Pr¥* at room temperature between 20000
and 50000 cm™ measured for different emission transitions. All these spectra exhibit a similar
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shape and are characterized by two regions of efficient excitation: (i) the low energy region
situated between 20000 and 23000 cm™ in the visible part of the spectrum corresponds to
intra-4f>-configuration excitation transitions, (ii) the high energy region in the near UV
(45000-50000 cm™) is assigned to 4f%(*Ha4)—4f5d interconfigurational transitions. In addition
to these two regions, a broad excitation band with weak intensity is observed around 27000
cm'™. It could be related to an unknown intrinsic defect level.

Figure 3 shows that excitation in the lowest level of 4f5d configuration yields in the
ultraviolet and blue regions broad emission bands which can be attributed, in order of
decreasing energy, to the emission from this level to the following groups of 4f? ground
configuration levels: *Ha, *Hs, (*He, 3F2), CFs, °Fs), 'D2 and 3Py + ).

Figure 2: Room temperature
excitation spectra of LiYF,: Pr*
measured for the emission
transitions: (a) *P, — °F, (640 nm);
(b) *Py — °He (607 nm); (c) 'D, —
®H, (590 nm); (d) 3P, — °H;s (548

e nm) (e) 3P, — *Hs (523 nm)

©

@ Thus, following 4f5d
excitation, the higher levels of
\ 4f? configuration are populated,
in particular 3P, triplet. The
_ emission starting from these
levels yields spectra identical to
those measured by exciting

. directly towards °P; triplet. It
M appears  that intensity of
’ emission originating from °py is

stronger than that of 4f5d — 3P,
+ Ye. The same phenomenon
has been reported by Oskam et
al [9] in CaF.: Pr** at 6 K and
| J explained by a direct

nonradiative relaxation from
_ 4f5d excited state to the *Py, Mg
P, @ levels in addition to population
of these levels by radiative

< e rpionbnd decay from 4f5d. This may also
g explan why in Fig.2, the
= . . . . . intensity of the 4f°(*H,)-4f5d
20000 25000 30000 35000 40000 45000 50000 electric dipole transitions is

Energy (cm®) comparable and even weaker

than that of the parity forbidden
intra-4f>-configuration

transitions.
The experimental Pr®* 4f? energy levels of LiYF4: Pr3+ were obtained from [10,11].
The crystal field calculations were carried out using the SPECTRA program available on the
Argonne National Laboratory website [12]. This program is based on the standard
phenomenological model for a 4f" ion embedded in a crystalline environment. As usual, the
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parameters to be adjusted involve the F?, F* and F° Slater parameters describing the inter-
electronic repulsion between the two electrons of the 4f? configuration, the (s Spin-orbit

coupling constant (¢, =(4f|r|4f)), the Trees parameters «, B, y and the (BY), crystal

field parameters. Values of these parameters obtained for LaFs: Pr¥* were used as starting
parameters [13]. In addition, the o, B, v, M® and P? parameters were first set at the LaFs: Pr**
values, M>* and P*® being set at zero. The set of free-ion and crystal field parameters
corresponding to the best fit alow to reproduce satisfactorily the experimental spectra. The
parameters |eading to the best fit (standard deviation in the order of 29 cm™) are (in cm™): F?
= 69004, F* = 50610, F° =33341, = 750, o = 22.642, B = -653, y = 1371, M*** = (2

,1.12,0.76), P>*® = (202, 152, 101), B2 = 458, B¢ =-948, BS=-21, B¢ = 1248, Bf= 1159.

3, s
P H, s 3
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Figure 3: Emission spectrum of LiYF,: Pr** at room temperature upon 4f5d excitation (207 nm)
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Abstract

The luminescence of three compounds: LuBOs, with calcite and vaterite structures, and
YBO; (vaterite structure) doped with Pr®* ions has been investigated. The emission was
ascribed to four spin-allowed transitions and one spin-forbidden transition from the 4f5d to
the 4f2 configuration. Two additional broad emission bands with very weak intensity at 440
and 580 nm were studied. Evidence of the presence of Ce* traces is reported and their
influence on Pr®* luminescence is discussed.

1. Introduction

The trivalent praseodymium ion is an attractive optical activator since it offers the
potential of laser action (both in the visible and infrared region) along with upconversion
processes [1-2]. Furthermore, transitions between the opposite parity configurations 4f5d - 4f
yield fast and intense broad emission bands in the near ultraviolet useful for scintillator
applications [3] or tunable UV lasers [4]. In most host crystals, Pr** ion yields under 4f5d
excitation an emission spectrum that consists of at least four intense bands in the near UV
region [5]. These bands can be attributed unequivocally to the emission from the lowest 4f5d

level of Pr*" to 4f? ground configuration triplets. *H,,*H,,(*H,,’F,) and (°F,°F,).
However, additional broad bands with very weak intensity can be distinguished at longer

wavelengths. In this work, we have focused our attention on the investigation of the origin of
these weak broad bands.

2. Experimental details

LuBOs and Y BO; powder samples doped with Pr** (1 at. %) were synthesized by means
of a solid state reaction method described elsewhere [6]. LuBO3 presents both a low-
temperature calcite form and a high-temperature vaterite form, while YBO3; may be obtained
in the vaterite type only.

Room temperature excitation and emission spectra were recorded in the 200 - 800 nm
range using a Perkin-Elmer LS 55 luminescence spectrometer. A powder holder was placed at
a suitable angle with respect to the excitation beam to achieve maximum fluorescence and
minimum scattered incident light. The spectra were corrected for wavelength dependent
detection efficiency using the correction curve delivered by the supplier.
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3. Experimental results and discussion

Figure 1 depicts the emission spectrum of calcite LuBOs:Pr** under 4f5d excitation (230
nm). The emission spectra of vaterite LuBOs: Pr** and YBOs: Pr** present an identical shape
to that of calcite LuBOz:Pr¥, but are slightly shifted towards longer wavelengths. In each
spectrum, at least four intense bands can be distinguished between 250 and 330 nm, numbered
1-4 in Fig. 1. These bands can be attributed, in order of decreasing energy, to the emission
from the lowest crystal field component of the 4f5d excited configuration to the following

groups of 4f? ground configuration levels: *H,,°H.,(°*H,,°F,) and (°F,,°F,).

Intensity

200 300 400 500 600
wavelenght(nm)

Figure 1. Emission spectrum of LuBO3:Pr®" calcite under 4f5d excitation (230 nm)

In addition, broad bands with very weak intensity can be distinguished around 350 nm
(band 5) and 582 nm (band 7) for all the three compounds, 440 nm for calcite LuBOs, 460 nm
for vaterite LUBO3; and 455 nm for YBO3; (band 6). The weak intensity of band 5 relative to
bands 1-4 suggests that we are in presence of a spin-forbidden transition. It could be attributed
to atransition from the lowest 4f5d level of Pr® tothe 4f 2 configuration singlet level 'Gy.

It has been assumed before that the lowest 4f5d level is a triplet state in Pr** doped
orthoborates [5]. This assumption could explain the fact that the transitions from the lowest
4f5d level to the spin triplets *H;y and 3F; are more intense than those to the spin singlet
multiplets. The excitation spectrum of the band situated at 350 nm is identical to those
measured for the intense bands 1-4, which indicates that it has a purely 4f5d - G4 nature.
However, the situation is more complex for the two bands situated around 440 — 460 nm and
580 nm as shown by figures 2 for the former and 3 for the latter.

3.1. Investigation of the emission band situated ar ound 440-460 nm:

The excitation spectrum of calcite LuBOs:Pr** for 440 nm monitored emission
wavelength exhibits two efficient excitation regions (Fig. 2a). The first region between 200
and 260 nm is characterized by a broad complex band that could be assigned to 4f*-4f5d
interconfigurational transitions in Pr**. The second region situated between 260 and 380 nm
consists of a broad band with a maximum at 345 nm. In order to unravel the nature of this
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band, we have measured the emission spectrum excited by 350 nm wavelength (Fig. 2b)
which consists of two overlapping bands with a splitting around 2000 cm™.

The band positions and the characteristic value of the splitting are in good agreement
with interconfigurational transitions from the lowest szg level of 5d configuration to the Fep,
’F;, spin-orbit components of 4f ground configuration observed previously in these
compounds doped with trivalent cerium [6]. Excitation spectrum of these emission bands is
displayed in Fig. 2c. The structure and the positions of these excitation bands are also in good
agreement with those of trivalent cerium.

Normalized intensity

300
wavelength (nm)

Figure 2. @) Normalized excitation spectrum of calcite LuBO; for 440 nm monitored emission
wavelength
b) Normalized emission spectrum of calcite LuBOs under 345 nm excitation wavel ength
¢) Normalized excitation spectrum of calcite LuBOs; for 5d - 2 F,, emission in Ce**
d) Normalized 440 nm emission band under 230 nm excitation wavelength

It isimportant to note that emission and excitation spectra attributed to Ce** ions exhibit
a very weak intensity relatively to those of Pr¥*, thus it is reasonable to assume that in our
samples doped with trivalent praseodymium, some traces of trivalent cerium are present. It is
well known that rare earths are often found in the same ores and are difficult to separate
because of their similar chemical properties. The presence of traces of Ce* ions may be
prejudicial for Pr** UV emission as excitation energy may be transferred from Pr** 4f5d levels
to 5d levels of neighboring Ce** ions. In our case, despite the overlapping of Pr** UV
emission bands and Ce** excitation bands, we did not observe clearly the characteristic
emission of trivalent cerium under 4f5d excitation of Pr**. This excitation yields, in addition
to bands 1-5, the emission band under study situated around 440-460 nm. Instead, the
excitation at 345 nm yields clearly the characteristic Ce** emission spectrum, but with a very
weak intensity. The band peaking at 345 nm overlaps with the low energy bands of Ce**
excitation spectrum. Thus, it could be concluded that the 440-460 nm emission band stems
from two distinct contributions: (i) a spin-forbidden transition from the lowest crystal field
component of Pr¥* 4f5d configuration to the 4f? configuration singlet level 'D,, as its
excitation spectrum shows clearly the 4f> (*H,) — 4f5d excitation band of Pr** in the near UV
region, (ii) the tail of Ce*" emission spectrum, as its excitation spectrum contains also the
band peaking a 345 nm which overlaps strongly with Ce** excitation bands. The band
peaking at 345 nm could be related to some structure defect or impurity center present in
these orthoborates. It is responsible for the transfer of a small amount of excitation energy
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from Pr** to Ce®*. Because of the small portion of Ce* ions existing in the samples, only a
small amount of excitation energy can be transferred to them from Pr*.

3.2. Investigation of the emission band situated at 580 nm:

We have measured the excitation spectra for the three compounds by monitoring the
emission wavelength corresponding to the maximum of the broad band with very weak
intensity situated around 582 nm. The spectrum of calcite LuBOj3 is shown in Fig. 3a, in
which two regions of efficient excitation may be clearly distinguished. The first region
situated in the near UV between 200 and 300 nm, consists of one intense broad complex band,
identical in shape and position to the excitation bands measured for the intense emission
bands 1-4 and even 5 (figure 1) and consequently could be assigned to 4f%(*H.) — 4f5d
interconfigurational transitionsin Pr¥.

4tsd LuBO, calcite

x 100 N 6(c)

Intensity (a.u.)

3

L L L L
200 300 400 500 600 700

wavelength(nm )

Figure 3. a) Excitation spectrum of calcite LUBO; for 582 nm monitored emission wavelength with
enlarged intensity between 300 and 450 nm
b) 582 nm emission band of calcite LUBO; under 4f5d excitation (230 nm) with enlarged
intensity
¢) 582 nm emission band of calcite LUBOs; under 375 nm wavelength excitation with
enlarged intensity

The second region appears as a broad band with very weak intensity relative to the
former (enlarged in Fig.3) peaking at around 375 nm for all the three orthoborates. Excitation
upon 4f5d wavelength (230-240 nm) yields the 582 nm emission band observed in figure 1
and reproduced in Fig.3b with enlarged intensity. It is important to note that 375 nm
excitation wavelength leads to a smilar broad weak intensity emission band (Fig. 3c). The
origin of the 375 nm excitation band is unclear, it could be related to an unknown defect level
that is present in all the three compounds. The fact that both 4f5d and 375 nm excitations
yield the same emission band peaking at 582 nm indicates that an energy transfer from Pr** to
this unknown center occurs. The radiative decay of this center gives rise to the 582 nm
emission band. Its weak intensity suggests the transfer rate from Pr** to this unknown center
isvery low.
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ROENTGEN IMAGE RECORDING ON SILLENITE-TYPE ELECTROOPTICAL
CRYSTALSBY ELECTROPHOTOGRAPHIC METHOD

|g. Dementiev, E. Maximov, E. Pocotilov, L. Tarakanova

Moldavian Sate University, Department of Physics,
E-mail: EP@pokatilov.moldline.net

Abstract

To record Roentgen image on sillenite-type crystals while charging in a corona
discharge field, a device has been performed. The resolution not less than 10 pairs of lines per
mm, the sensitivity of 25 reciprocal Roentgens, the contrast coefficient not less than 2 at the
exposure length of 0.6 s were obtained using Bi;2GeOy crystal. The device survives more
than 10" of writing-erase cycles. From the sensitivity point of view, the considered
registration isjust as good as X-Ray films used for radiography and dosimetry.

1. Introduction

Currently the interest in X-ray technique does not relax owing to its more expanding use
in practice. A brief survey of X-ray registration directions allows us to mark out the following
main methods *:

- photography — utilizing X-ray sensitive photographic materials, necessary for further
chemical processing;
- electrostatic photography — based on charging of X-ray sensitive layers in a corona
discharge field followed by liquid or powdered visualization of an X-ray scene;
- Lumiprinting — converting the X-ray radiation to visible light with the wavelength
caused by aluminescent material;
- Television method — using vidicons sensitive to X-rays;
- Methods based on the employment of semiconductor layers sensitive to X-rays.
Investigations done earlier have shown that by analogy with xeroradiography
Roentgen image recording by the sillenite-type crystals (Bi12SiOy, Bi12GeOx0) while charging
their surfaces in the field of a corona discharge may be realized % °. This circumstance allows
us to simplify the Roentgen image recording procedure and improve the responsiveness of the
recording process in comparison with the conventional electrographic method. Physical
principle of the developed method is based on the fact that sillenite-type crystals possess both
the Roentgen sensitivity and electrooptic properties at the same time.

2. X-ray recording

X-ray image recording process is carried out by means of a small-sized unit the scheme
of which presented in Fig. 1 illustrates well this process in automatic regime. The process
itself can be divided into four consequent stages: charging of crystal surfaces in the corona
discharge field; the Roentgen exposure of the crystal; readout of the formed image; erasure of
the image prior to a following registration cycle. High-voltage bloc 19 controlled by the
voltage ramp generator 18 feeds corona-forming filaments located in the charging device 4
which gives rise to working element 5 charging. An appearing field of a corona discharge
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givesrise of a potential at the crystal surfaces according to a near —linear low. In the process
of charging, the crystal is illuminated by the plain-polarized light with the wavelength A =
700=-750 nm which isinactive for the crystal. This probe parallel beam is formed by the light
source 21 (projector lamp KI'M), system of filters 22, lens 23, and polarizer 24 and it is
directed on the sample by the stationary 1 and movable 3 mirrors.While charging the crystal,
bloc 20 and the program-simulated unit 16 control arotation gear 7 which sets up the movable
mirror 6 horizontally so that the probe beam passes through the analyzer 8. A part of the light
beam is diverted by the semitransparent mirror 9 on the photodiode 13 forming feedback.

Figure 1. The scheme of the small-sized device for Roentgen image recording.

During the charge accumulation process, the rising potential modifies the crystal
refraction index that, in turn, changes the polarization characteristics of the whole optical
system making it “blooming” on the output of the crossed analyzer 8. In accordance with
Pockels’ law
,m U

2 UMZ

where | is the light intensity passed through the system “polarizer — crystal - analyzer” at the
voltage difference U on the crystal; 1o is the maximal intensity of light passing through the
system under analyzer oriented parallel to polarizer in the no-voltage condition; U, is the
half-wave voltage of the crystal.

| =1,9n
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When the intensity | reaches a magnitude close to its maximal one, the photodiode
signal entering the derivator 14 and, hereinafter, comparator 15 disconnects the charging. A
potential close to the half-wave voltage U, arises between the crystal surfaces. High values
of the specific resistance (p~10"* Q cm) and permittivity (e~40) provide sufficiently long time
(more than 10 minutes) of the surface potential relaxation, i.e. being in the darkness the
charged crystal is ready for the exposure quite a long time. When charging is carried out, the
executive unit 20 turns the mirror 3 by means of the rotation gear 2 into the horizontal
position overlaying the probe beam and opening the crystal for the exposure of X-ray
radiation passed beforehand through the object “0” under investigation. At the same time, the
command switching on the X-ray radiation power supply is given. X-ray quanta passing
through the object fall onto the crystal generating non-equilibrium charge carriers in it, which
are drifted to the crystal surfaces with the opposite sign of charge with a successive
recombination. As a result, the charge relief is formed with corresponding distribution of the
refractive index being stipulated by the electrooptic effect.

After the exposure ending, the X-ray radiation source supply turns off and the mirror 3
is rotated into its initial inclined position so that it might direct the beam of the inactive
reading-out light on the crystal. Passing through the crystal and analyzer 8 crossed with
polarizer 24 this beam contains information regarding the refractive index distribution, i.e. the
Roentgen imagery data. The irradiated areas are reproduced as a dark background, but
radiation-free ones remain light-colored. The beam passed through the analyzer is focused by
the objective 10 at the recording instrument 11. As a recorder, digital video camera, camera
with TV-monitor, or photo camera connected to computer may be used. Being observed and
recorded, the actual image is erased by intensive, active for the crystal blue-green light from
the source 21 after the command rotating the mirror 6 in inclined position.

3. Results and discussion.

Fig. 2 shows the Roentgen image photographs for some objects registered by means of the
method worked out.

Figure 2: Samples of the obtained Roentgen images.

66



Moldavian Journal of the Physical Sciences, Vol.4, N1, 2005

The negative (upper) and positive X-ray patterns of 3 mm — metal plates with holes of 1
mm across diameters are at the left. Dark dots in the positive photograph (below) comply with
the holes through which Roentgen radiation falls onto the crystal.

The right-hand lower photograph offers X-ray pattern for a test-object, which consists
of a system of the copper wires with different diameters (0.1, 0.15, 0.2, 0.33, and 0.44 mm).
The places, where the wire model shields the X-ray radiation, keep the field created on the
crystal and are recorded as light bands in the photograph. The given test allows us to estimate
the value of the resolution capability of recording medium. As an illustration, the X-ray
pattern of the seven-segmented opaque to visible light indicator is presented in the right-hand
upper photograph.

@ unit, ek,

0

0 20 50 a0

Figure 3. Probing light contrast versus the Roentgen radiation energy.

The main parameters specifying recording material properties are: Roentgen sensitivity,
contrast ratio, photographic latitude, and resolution capability. Contrast of the line-process
bloc image recorded on the crystal as a function of the X-ray radiation intensity is presented
in Fig. 3. As the contrast value there was used @ = I / I, i.e. the ratio of intensities of the
readout light passed through the crystal in a radiation-free position to irradiated one. It is
possible to estimate the sensitivity by the formula S = 1/(Pegp. C), i.e. the reciprocal to the
product of the X-ray intensity and the exposure time C. The radiation power was measured by
means of the calibrated standard instrument DRG 3-03. If we carry out the calculation of
sensitivity proceeding from the plot @ = f(IgP) at the value of ® estimated for 0.85 of
maximal @ = 12.data, the sensitivity is equal to Sgs= 25 PR ™.
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The contrast ratio is determined by the angle of the characteristic curve straight-line
portion slope,

)/:tgocz—q)2 b
IgP, —1gP,

This coefficient characterizes the recording material capability to reproduce different
brightness (intensities) of the object under investigation. Photographic latitude L = Ig (P, —
P1) defines a range of the object intensities reproduced in the image with the same contrast
ratio. Metering conducted allows us to conclude that X-ray image recording method proposed
here on the base of X-rays sensitive sillenite-type electrooptic crystals ensures the following
parameters:

the sensitivity to X-rays, Syes= 25R;

the contrast ratio, v, 2;

the photographic latitude, L = 0.6;

the resolution capability, N ~ 10 mm™;

the recording cycling -no less 10*.

By the sensitivity, the developed method is just as good as photographic one using X-
ray films employed for defectoscopy and radiation monitoring. The developed method can be
successfully used in such fields of application as welded part checking (defectoscopy),
express radiation monitoring, the definition of Roentgen particle tracks and their wave

propagation (crystallography).
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The Mn z,*" ion intracentred luminescence in ZnS crystal (Amac=590nm, FWHM=160-
210meV) and its relation to the native, impurity (the background and aluminum) defects
formed at the crystal annealing in the bismuth melt at 950°C during 100hrs was studied. The
luminescence of the aluminum doped and undoped ZnS single crystals , before and after
annealing, were studied. The aluminum presence on the one hand creates sensitizing centers
(the radiation bands close to 400nm and 450nm) and on the other hand makes difficult Mn
doping of the crystal. It is supposed that the temperature influence on the Mn 22" ion is
determined by the position of the electron and hole Fermi cuazi-levels relative to the deep
levels, acting as recombination radiative and noneradiative centers the nature of which is
determined by the type of crystal lattice defects. The relation between blue centers of
recombinative radiation and Mn bands was shown

In the optical absorption and luminescence spectra of 11-VI compound crystals doped
with the atoms having uncompleted 3d-shell the intracentered transitions in the impurity
atoms reveal themselves. The study of such ions and, particularly, of two-valence manganese
ions is of practical interest, as ZnS:Mn?* luminophor is the most efficient electroluminescent
phosphorous [1-5]. Two types of the electron excitation: band to band and intracentered one
bring their contribution to the luminescence, often considerably interacting with one another.
The main subject of the given paper is the investigation of the optically excited (PL) and
intracentered luminescence (IL) of the Mnz,>" ions and its relation with the inherited and
imputity (the background and aluminum) defects in ZnS crystals after their annealing in
bismuth melts. On the formation of photoluminescence (PL) spectra of ZnSMn®* a
considerable influence is exercised by the local symmetry of the crystalline field [1,6,7]. In
the PL process the Mn?'ions absorb the radiation from the manganese characteristic
absorption region. For to enhance the luminescence efficiency a sensitization impurity is
introduced into the crystal the radiation of which leads to the resonance excitation of Mn?*
ions due to dipole-quadrupole interaction. The use of Mn®*" as a sonde impurity at ZnS PL
studies allows us to get information about the peculiarities of the inherited and impurity
defects leading to the appearance of self-activated luminescence (SAL).The effect of sondage
using Mn?* ions is determined by the fact that manganese is a paramagnetic impurity. Theion
intracentred transitions reveal themselves in ZnS as a characteristic radiation close to 590nm,
depending on the symmetry of the local crystalline field. The radiation from this region of
spectrum related to the other known inherited and impurity defects reveals itself rather
weakly. Proceeding from this the ZnS single crystals with the background impurities and
aluminum doped, before and after the annealing were investigated. The annealing was carried
out in the silica ampoules at 950°C during 100 hrs in the Bi melts and bismuth melts with the
addition of 5at.% of Mn or 6.10 2and al0 “at% Al with the subsequent tempering outside
the furnace. The temperature variation of the PL spectrafrom a crystal cleavage perpendicular

69



Moldavian Journal of the Physical Sciences, Vol.4, N1, 2005

to the surfaces contacting with the melt during the annealing was studied both in the crystal
volume and subsurface region as well in the temperature range from77 up to 300K.

At 77K the luminescence spectrum of the parent crystal with the background
impurities is represented by two bands with the maxima situated at 390nm and 650nm
accordingly. At 300K the spectrum consists of a single band with the maximum situated close
to 470nm. In the PL spectra of the starting samples, containing aluminum the two radiation
bands with the maxima at 445nm, 650nm (77K) and 480nm, 660nm (300K) accordingly were
observed.

After the annealing of the both types of starting crystals in the Bi without any
additions in their PI spectra at 77K the PL spectrum consists of two bands with the maxima
situated at 400nm (SAL) and 650nm. At 300K a band centered at 595nm with the FWHM of
160meV predominates.
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Fig.1. The PL spectra at different temperatures of ZnS: AL crystal annealed in Bi melt.

The analysis of PL spectra temperature evolution had shown that beginning from
approximately 105K a peculiarity close to 590nm reveals itself, which at about 115K is
formed into a predominant band. At 300K this band remains as a single one in the PL
spectrum (Figl). This band FWHM temperature dependence in the T* scale (Fig.2) is linear,
which along with the preservation of its maximum position in the temperature interval
100K...300K can indicate the intracentred character of the radiative electron transitions
responsible for its appearance in the PL spectrum.

So the PL band with the maximum close to 590nm in the studied crystals can be
attributed to the manifestation of the radiation on Mn?" ions. The bursting of the band at
590nm is accompanied by the quenching of the SAL violet radiation at 390nm (Figl). The
last fact can indicate the participation of the given radiation in the excitation of the manganese
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band, i.e. the given centre is a sensitization one and its radiation energy corresponds to the
Mngzn, 2* characteristic radiation ~ 3,20eV(393nm) at 300K) [1,7].
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Fig2. The band FWHM temperature dependencein the T scale.

After the ZnS annealing in (Bi+10 2 at.%Al) melt the PL spectrum at 77K consists of
two bands with the maxima situated at 460nm and 540nm. Beginning with the temperatures
of 105K (Fig3) the formation of the radiation band with the maximum close to 590nm is
observed. At 127K this band predominates in the PL spectrum and then in the temperature
range of 210-305K sharply guenches and remains only as a peculiarity on a long wavelength
slope of the fundamental band with the maximum at 540nm. One should observe the fact of
the absence at 77K of the radiation with the maximum situated close to 400nm. The
appearance of the manganese radiation is accompanied by the decrease of the radiation
intensity with the maximum close to 460nm.

After ZnS: Al crystals annealing in the Bi melt with the addition of 6.10 at.%Al the

PL spectrum at 77K consists of a wide band with the maximum at 400nm and a shoulder
close to 450nm. At the measurement temperature increase at 133K the band with the
maximum at 590K emerges which at 245K disappears almost entirely.
After ZnS:Al crystals annealing in the Bi melt with the addition of 0,5at.%0Mn in the whole
measurement temperature range the predominating radiation with the maximum close to
590nm and a FWHM of =210eV is observed (Fig.4). This value is higher than for a sample
where Mn centers were formed at the crystal fabrication and the manganese is uniformly
distributed in the whole volume. So, one can suppose, that in the subsurface region the lattice
defectness is higher than in the second case

According to the temperature behavior of this band and its spectral position, one can
relate its appearance to the intracentered transitions in the manganese ion. The considerable
increase of this band FWHM comparable with the previous case, when in the bismuth melt
the manganese was not added, is related, apparently, to the fact that the tempering after
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annealing with the manganese additions increases the crystal defectness, and, hence, local
disorder of the crysta field, which enlarges the Mn?* ion radiation band occurs.
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Fig3. The PL spectra at different temperatures of ZnS crystal annealed in Bi+Al melt.

Along with this, due to the high concentration of the manganese centers the formation
of Mn-Mn pairs is possible [8]. The appearance of the manganese pairs in the crystal lattice
leads to the decrease of PL intensity in the Mn z, 2" ions radiation band in the luminescence
spectra, i.e. to its quenching. The same influence on the PL spectrum will have the radiative
and none-radiative centers appearing at the atoms recharging, through which a competing
with intracentred dissipation of the energy, excited by the ZnS crystal electron subsystem
occurs. The named centers recharging at the temperature variation are related to the electron
and hole Fermi cuazi-levels displacement, A transformation of the deep levels, which are
sensitizers of the intracentred transitions, from recombination levels into the non-equilibrium
carrier capture levels and vice-versa, occurs. In its turn this manifests itself in the appearance
in the Pl spectra at certain temperatures of the Mn band and its quenching. Earlier [9] we
established that interphase interaction at the bismuth melt — ZnS crystal interface generates Zn
vacancies. In the subsurface region this enhances the Mn inculcation with the ion formation,
occurring according to the bipolar vacancy-hopping diffusion and leads to the impediment of
the further manganese doping of the ZnS crystal, due to the formation of, apparently,
immobile local charged regions in the dislocation vicinity appearing at the tempering after
annealing in bismuth melts. The aluminum presence in the melt, possibly, decreases the
efficiency of the manganese doping, as aluminum also occupies the zinc knots of the crystal
lattice and from this point of view is competing with the manganese.
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It was shown that the starting set of the background, impurity and native defects
before the annealing determines the possibilities and the level of ZnS crystal doping from the
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Fig.4. The PL spectra at different temperatures of ZnS:AL crystal annealed in Bi+Mn melt.

bismuth melt. The aluminum presence on the one hand creates sensitizing centers, and on the
other hand makes difficult Mn doping of the crystal. The intracentred radiation of Mn 2,2 ion,
after crystal doping from Bi melt, is concentrated at the crystal surface and due to the
formation of the immobile local regions in the defect vicinity. It is supposed that the
temperature influence on the Mn 22" ion is determined by the position of the electron and
hole Fermi cuazi-levels relative to the deep levels, acting as recombination radiative and
nonradiative centers.
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Abstract

Band structure calculations and magnetic measurements were performed on RM»-based
compounds, where R is arare-earth or yttrium and M = Fe, Co or Ni. The exchange enhanced
paramagnets as Y(CoxNiix)z, @ T < 10 K, show a T? type dependence of magnetic
susceptibilities. Above a characteristic temperature, T, a CurieWeiss behaviour was
evidenced. The computed mean square amplitude of spin fluctuations, at high temperatures,
describes well the experimentally determined effective moments. The transition of cobalt
atoms from nonmagnetic to magnetic state was analysed. A small nickel moment is induced
in RNi, compounds with magnetic rare-earths. The exchange interactions influence little iron
moments. The different contributions to the R5d bands polarizations are also analyzed.

1. Introduction

The RM; (M=Fe,Co,Ni) compounds crystallize in a cubic MgCu,-type structure. In this

structure the M atoms occupy 3msites and R atoms are located in 43m positions. Due to
their ssimple structure these systems were intensively investigated, particularly concerning the
magnetic behaviour of M atoms [1]. The YCo, and LuCo,, a low temperatures, are
paramagnetic. A magnetic moment is induced on Co atoms when nonmagnetic Y or Lu are
replaced by a magnetic rare-earth [2]. In RNi; system it was generally accepted that nickel is
nonmagnetic. The RFe, compounds have technical applications in magnetostrictive devices
[3]. On the support of R-Fe exchange interactions the high magnetostrictions characteristic of
rare-earth, at 4.2 K, are trandated at room temperature. In addition, the Fe atoms show a
rather localized magnetic behaviour.

The magnetic moments of light rare-earths and transition metals are parallel aigned
while in case of heavy rare-earths an antiparallel orientation was shown. In earlier
publications [1,4], the exchange interactions between R and M atoms were considered to be of
RKKY type [5]. Some researches have been done in order to reverse the antiparallel coupling
of R and M elements by changing the electron concentration and distances between magnetic
atoms [6]. No results have been obtained. The magnetic coupling between R and M atoms can
be well described by the Campbell model [7]. The model suggests that the R—-M exchange
interactions are mediated by R5d band polarization.

In this paper we analyse the magnetic behaviour of RM,-based compounds. We discuss,
at the beginning, the exchange enhanced paramagnets as LuCo, or Y (CoxNiix)2. Then, the
transition from nonmagnetic to magnetic state of cobalt atoms is analysed. The effect of
exchange interactions on R5d band polarizations is correlated with the number and magnetic
moments of neighbouring transition metal atomsto a R atom as well the R4f moment.
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2.Experimental and computing methods

The samples were prepared by melting the constituent elements in an arc furnace. The
compounds were thermally treated at ~ 900°C for one week. The X-ray analyses show the
presence of the MgCu, type structure. No other phases were evidenced, in limit of
experimental errors of 1 %.

Magnetic measurements were performed in the temperature range 1.7 — 1000 K and
fields up to 9 T. The saturation magnetizations were determined from magnetization
isotherms, according to approach to saturation law, M = Ms (1-a/H) + yH. By ¥, we denoted
a field independent susceptibility and a is the coefficient of magnetic hardness. In the
paramagnetic range, the magnetic susceptibilities, y, were determined from their field
dependences, according to the relation ., =y + ctMg’/H, by extrapolation of measured values,
vm, 10 H? — 0. By ¢ a pressumed impurity content is denoted and My’ is their saturation
magnetization. By this method any possible alteration of the magnetic susceptibilities, as a
result of the presence of small quantities of magnetic ordered phase is avoided. For al
compounds, the estimated impurity content, if it exists, is smaller than 0.1 %.

Band structure calculations were carried out by using the ab initio tight binding linear
muffin tin orbitals method (TB-LMTO) [8-10] both in LDA and LDA+U approaches. In the
framework of the local density approximation (LDA), the total electric potential is the sum of
the external, Coulomb and exchange correlation potentials [4]. The frozen core approximation
was employed in the generation of the potential and parametrization of the Von Barth and
Hedin [12] was used for the exchange correlation part of the effective one electron potential,
obtained within the local spin density approximation of the density functional theory. The
LDA+U scheme [13] is based on the Anderson impurity model in mean field approximation
that analyses the s and p electrons as non-correlated, described by an orbital independent
potential and d electrons as described by an orbital dependent potential [14].

3. Magnetic behaviour of RCo, with R=Lu,Y and Y (CoxNij-x)2 compounds

The thermal variations of magnetic susceptibilities for RCo, (R = Lu, Y) compounds are
plotted in Fig. 1. The magnetic susceptibilities increase up to a temperature Ty and then
decrease continuously. Above atemperature T', a Curie-Weiss type behaviour was evidenced.
In the low temperature range (T < 10 K), a T2 dependence of the magnetic susceptibilities can
be shown — Fig.2.
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Fig. 1 Therma variations of magnetic Fig. 2 Thermal variations of magnetic
susceptibilities for YCo, and LuCo, susceptibilitiesat T < 10 K for Y (CoyNi1)2
compounds. with x = 1.0 and 0.8 and LuCo;
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The same behaviour can be evidenced in Y (CoxNi1.x)2 system - Fig.3. The temperatures
at which maxima in susceptibilities are shown, decrease when increasing nickel content, from
Tmax = 240 K (x = 1.0) up to = 20 K (x = 0.2). For Y(Cog2Nigg)2 compound the magnetic
susceptibilities decrease in the whole temperature range [15]. As already stated, the Curie-
Weiss dependence is shown above temperatures T', which also decrease when increasing
nickel content. The effective cobalt moments determined at T > T, supposing that nickel has
no magnetic contribution, vary only little in the studied composition range from 3.87 pg/atom

(x = 1.0) to 3.72 pg/atom (x = 0.1) — Fig.4. The YNi, shows mainly a Pauli type
paramagnetism.

Y{COXNiHJZ 700 Y(COX Ni‘l-x)z

_ rﬁemu/f.u.]ﬂﬂ-“

LIl Y T 400

‘a' L 21 ..;.

‘éqooo = 500

a E Eh

- a 400 ""‘Jg‘ X

é‘e 6m T R aou Kx/’
< 300k:

200 200 a1 |
0 200 400 600 800 0 200 400 600 800 1000
T (K) T (K)

Fig. 3 Thermal variations of reciprocal susceptibilities for Y (CoxNiy.x)>, compounds.
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The projected band structures for YCo, and Y Ni, are plotted in Fig. 5. For YCo,, as
well as LuCo,, the Fermi level lies just above a sharp peak in density of states (DOS). By

alloying with nickel, the Fermi level in shifted gradually towards a region with lower density
of states.
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Fig. 5 Projected DOS curves,
computed for YCo, YCo01625C00375
and Y Ni, compounds.

20

The magnetic behaviour of the above systems can be analysed in the spin fluctuation
model. The model considers the balance between the frequencies of longitudina spin
fluctuations, which are determined by their lifetime and that of transverse fluctuations that are
of thermal origin. These effects lead to the concept of temperature induced moments. From a
strong exchange exchanced paramagnet, as RCo, (R=Lu,Y ,Hf), the wave number dependent
susceptibility, yq, has a large enhancement due to electron-electron interactions for small q
values. The y4 shows significant temperature dependence only for the above mentioned q
values. The average amplitude of spin fluctuations, £2, increases with temperature and finally
reaches an upper limit, at a characteristic temperature T". For T > T, a Curie-Weiss behaviour
is predicted, as for systems having local moments. In this model, the moments are localized in
g-space.

The temperature dependence of the mean square amplitude of spin fluctuations can be
analysed considering the effects of spin fluctuations, for a general model of itinerant electron
paramagnetism in the classica Gaussian statistics [16-18]. The contributions to the
susceptibilities from the spin fluctuations, in terms of the density of states can be expressed
as.

At =ay — o+ (5/3azt? + (35/9ast? + (35/3)asE’ +... (1)
where the mean square value of the fluctuating magnetization, £2, is given by
2_ 3 _1[ tg—l(quA_m}
g2 =— kgTanA~|1-
2n Qm\/A_X
By a, as, & and a; are denoted the expansion coefficients of the free energy with
respect to the square of magnetization density and o, gn and A denote the molecular field
coefficient, the cut-off wave vector of spin fluctuations and the exchange stiffness constant,
respectively.
By limiting the series expansion development up to terms in £2we retained in relation
(1) only termsin a; and &g, expressed as[17, 18]:

2 1 o[ (N)? N
al— Ngzué {14‘6(7[‘(81_) |:(W] N :|+} (3)

2 2 "2 " N4 TINTA 12 TTINT
_ e 3l N N LT e N} NN N NN N
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We denoted by N the state density at the Fermi level and N', N", N"' and N"" are
their derivatives of the order of oneto four.

By fitting the experimental data with relation (1) we determined the o, gm and A values
and, as a result, the temperature dependences of the mean square amplitude of spin
fluctuations — Fig.6. Generally speaking, the &% values are not fully saturated in the studied
temperature range (T < 750 K) but approach very much to saturation at highest saturation.
There is a more evident tendency to saturate, at higher temperatures, as the nickel content
increases. This behaviour is in agreement with the decrease of T~ temperatures when nickel
content is higher. The lack of full saturation can be connected with the approximation used in
determining gmn and A values. We limited the series development for y up to termsin &s. In
addition, we neglected the Pauli-type contributions to the susceptibilities, due to mainly the
fraction of Y Ni, present in agiven compound as well of the core diamagnetism. In spite of the
approximation used, the differences between <¢2>Y2 values, experimentally determined, and
the computed ones, at highest temperatures, where nearly saturation was attained, are rather
small — Fig.7.

' b1G(K?)
| ]

b ..
LuCo, YCo,YCo, Ni,, ]

<E_,2>1/2

eExperimental
1t sComputed

0 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

X

Fig. 7 The computed and experimentally

Fig. 6 Temperature dependences of the determined values of the mean square
mean square amplitude of  spin amplitude, <¢>>"2, of the spin fluctuations. In
fluctuations. inset the computed and experimentally

determined b values are given.

As above mentioned, in the low temperature range (T < 10 K) — Fig. 2 - the y values
follow a T2 type dependence.
% = o (1+0T?) (5)
Since the maximum in x vs T values is shifted to low temperatures when increasing the
nickel content, no accurate determination of y values was possible for compounds with x <
0.3. In the paramagnon model [19] the b coefficient is given by
2 " N\ 2
b= “—lzN——l.z(ﬁJ } & (6)
6| N N

where sis the exchange enhanced parameter.
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In order to compute the b values we selected a symmetric energy interval around the
self-consistent value of the Fermi level in DOS and we used a mean square interpolation
scheme in order to analytically analyse the energy dependence of the DOS. This approach
allowed us to evaluate the first and second derivative of the DOS at the Fermi level. The b
values, computed according to relation (6), describe rather well the experimental data— Fig.7
INset.

The external [20-22] or internal [23,24] fields determine a partia quenching of spin
fluctuations. This is reflected by the decrease of the specific heat coefficient y or of the
effective moments. If the magnetic field is sufficiently large so that the Zeeman splitting
energy of opposite spin states is comparable to, or larger than the characteristic spin
fluctuation energy, then the paramagnons no longer have sufficient energy to flip spins and
therefore, the inelastic spin flip scattering in quenched. A magnetic field, Hey, Of the order of
the characteristic spin fluctuation temperature, Hgt oc Ty, IS requested to quench the spin
fluctuations. A partial quenching of spin fluctuations by external fields was evidenced by
specific heat measurements on Y Co, or LuCo, [22] The decrease of the electronic specific
heat constant, vy, in field of 10 T, was 4 % for Y Co, and 10 % for LuCo,. A partial quenching
of spin fluctuations can be observed by magnetic measurements, when replacing Y or Lu in
RCo, compounds, by a magnetic rare-earth. The effective cobalt moments decrease as the
Curie temperatures, exchange interactions, respectively are greater. In Fig.8 we plotted the
effective cobalt moments in RCo, compounds as function of the reciprocal exchange field

Hory, a 4.2 K. Thereis alinear dependence, Me(Co) = d + eH iy, , With e = 2.2.10° pgT.
For a variation of the interna (exchange) field of 10 T, the changes in the effective cobalt
moments are of = 6 %. This value is close to the diminution of the electronic specific heat

constants, as above mentioned, in the same range of externa fields, in YCo, or LuCo,
compounds [22].

400 -

& 350F
3.
= Fig. 8 The effective cobalt
O 300t moments determined in RCo,
;) compounds as function of the

250 | e inverse exchange fields

7 ed !
200 '/./. 1 " 1 " 1 " 1 " 1 " 1
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4. The effects of exchangeinteractions on transition metal moments
The substitution of Y or Lu, in RCo, compounds, by a magnetic rare-earth induces an

order magnetic moment at cobalt site. A magnetic moment of 1.03 pg/atom was obtained by
magnetic measurements at 4.2 K in GdCo,. This suggests that the cobalt moments are
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determined by exchange interactions [2,25]. There seems to be a critical field for the
appearance of amoment on cobalt atom.

Previously [26,27], we proposed a model for induced magnetism (or epamagnetism) in
which there is a sudden increase of the cobalt moment for a critical field. Then, the magnetic
moments increase linearly with exchange fields and finally saturate. The model has been
confirmed experimentally by analyzing the magnetic properties of RCosB [28] or some RCo;
[29]-based compounds. In the following we discuss the effect of exchange interactions on the
cobalt moments in GdyY 1.xCo,, Gd(CoxNi1x)2 and Gd(CosAl1x)2 Systems in which magnetic
atoms as Gd or Co, are replaced by Y or Ni(Al), respectively. In this way the exchange
interactions are modified.

The composition dependence of the transition metal moments (CoNi) in Gd(CoxNi1x)2
system are plotted in Fig.9. There is a great decrease of the transition metal moments for x >
0.8. Since gadolinium content is not changed, the variation of the magnetizations may be
attributed only to the substitution of Co with Ni. In order to have information on Co and Ni
magnetic behaviour, band structure calculations were performed [30] — Fig.10. The magnetic
moments, thus determined, are listed in Table 1. The cobalt moments, as well as nickel ones,
are little dependent on composition. We note that a magnetic moment of 0.12 pg was
determined in GdNi, although previous studies stated that nickel is not magnetic [1]. A value
of Ni moment of 0.20 pg/atom (u- = 0.06 pg and p° = 0.14 pug) was recently obtained by
magnetic circular dichroism measurements [31]. Since in computing Ni moment only the spin
value was obtained, thisit isin very good agreement with that experimentally determined.

Fig. 9 The composition dependence of the
transition metal moments in Gd(Co,Ni1.x)2
system. By * the computed values are
plotted. Solid line describes the prediction
of relation (7) with n, > 3.

Fig. 10 Projected DOS curves for GdCo, and GdCoNi compounds.
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The analysis of the data from Table 1 suggests that cobalt and nickel moments, as
aready stated, are little dependent of composition. Thus, the high decrease of the transition
metal moments at X > 0.8 can be attributed only to the loss of cobalt moments at sites where
the exchange interactions are smaller than a critica value. This can be correlated with a
minimum number of cobalt atoms coupled by exchange interactions. Thus, a statistical model
can be used in order to determine the critical exchange field. In this model [32] the magnetic
moment of cobalt is lost if there is a smaller number of cobalt atoms as nearest neighbours
than a critical value, n.. The mean magnetic moment for a composition x can be described by:

(Mco) = D Mco(x)Ry (%) (9)

n>n,

Table 1. Magnetic moments of Co and Ni determined from band structure calculations
in Gd(CoyNi1.)> compounds.

Mco M Msa(Gd) Mad

Compound (ua/atom) (us/atom) (us) (us/atom)
GdCo, 122 - -0.53 -7
GdCoNi 111 0.14 -0.43 -/
GdNi; - 0.12 -0.30 -7

We denoted by P,(x), the probability for a cobalt atom to have n nearest neighbour

similar atoms. Considering arandom distribution of Co and Ni atoms on 3msites, we have
6!x"(1-x)™"

=6 i

(10)

Relation (9) describes well the composition dependence of (Co,Ni) moments, supposing
that cobalt has a magnetic moment M¢, (x=1) if there are n > 3 Co nearest neighbours and is
nil if this number is smaller than n;. = 3. From these data we can estimate the critical field for
the appearance of cobalt moment. By using paramagnetic measurements we evauate the
molecular field coefficients characterizing the interactions between cobalt atoms. A value Jco-
co = 3.3.10% Jwas obtained. This corresponds to acritical field He = 70 T for the appearance
of cobalt moment, when considering the presence of three atoms in a cluster. This value
agrees with that suggested previously by our studies [27, 28] or other datafrom literature [29].

The critical field for the appearance of cobalt moment can be also estimated in GdyY 1.
xC0, compounds. For this purpose, the molecular field coefficients were determined by using
paramagnetic measurements or by fitting the temperature dependence of the magnetization,
by using a two sublattices model, in the molecular field approximation [33]. The cobalt
moments as function of the exchange fields, thus determined, are plotted in Fig. 11. In the
same figure the data obtained in case of Gd(CosAl1x)2 and Gd(CoxNi1x)2 Systems are also
included. A transition from nonmagnetic to magnetic state of cobalt is shown also at Hgit = 70
T. The cobalt moments then increase linearly with a slope of (3.10%)™ pg/T and above = 150 T
saturate.
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The dependence of the iron moments on the exchange fields in (GdyY 1.x) Fe; compounds
is plotted in Fig.12 inset. A linear variation, in al the composition range, was shown,
described by the relation AMge(ptg) = (18.10) “AHexen(T). This suggests that the iron moments
are not so sensitive as cobalt to the exchange interactions, showing a more localized
behaviour. We also analysed the variations of iron moments in (GdyY14)Fe, and
Gd(FeAl1x)n series with n = 2,3, where Gd is replaced by Y or Fe by Al. In this way the
exchange interactions are modified. We note that in GdFes-based compounds the iron atoms
occupy different sites in lattice, having different magnetic contributions. In this case we
considered only the mean iron moments. The composition dependences of iron moments
experimentally determined and those computed are plotted also in Fig. 12. There is a rather
good agreement between the two sets of data showing that the proportionality relation
between the variation of the magnetic moments and of exchange fields is valuable also for
other types of structures than Laves phase.

Fig. 12 The dependence of the iron
moments on the exchange fields in
(GdyY1,)Fe, system (inset) and the
computed and experimentally determined
variations of the iron moments in
(GdY 1.4)Fen and Gd(Fe/Al1y)n
compoundswith n=2and 3.

The present band structure calculations show that small magnetic moments are also
induced on nickel atoms in RNi, compounds with magnetic rare-earths. These values are by
nearly two order of magnitude smaller than those of rare-earth moments and cannot be
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determined by magnetic measurements since are of the order of experimenta errors.
Experimental evidence of Ni moment was shown only by magnetic circular dichroism in
GdNi, compound [31].

5. R5d band polarization

The gadolinium 5d band polarization, Msq, in GdM, (M=Fe,Co,Ni) Laves phase
compounds are plotted in Fig.13 inset, as a function of the transition metal contributions to
the magnetization, My. Thereis a linear increase of Msq vs My. The extrapolation at Mg — 0
leads to a value of 5d band polarization, Msq(R), which can be attributed only to local 4f-5d
interactions. The above data suggest that the R5d band polarizations are determined both by
local 4f-5d and 5d-3d short range exchange interactions. Thus:

Msg = Msd(R) + Msq(0) (11)

The contributions to 5d band polarization from local 4f-5d exchange interactions can be
determined in compounds where M elements are not magnetic or by the extrapolation
procedure mentioned above. In case of gadolinium compounds a value Ms4(R) = 0.27 pug was
obtained, parallel oriented to the rare-earth moment. The study of 5d band polarizations in
RCo, compounds with heavy rare-earths suggests that this contribution is proportional to De
Gennes factor, G = (gr1)2)(J+1), Msg(R) = oG with o = 2.1 x 102 pg. Supposing that the
above two contributions described by relation (11) are additive, the effects of 5d-3d short
range interactions on the 5d bands polarizations, Msy(0), were determined. The exchange
interactions of given R atoms with neighbouring M ones are described by the Hamiltonian:

H =JSg5q) Say (12)
i

where J is the exchange integral and i is the number of neighbouring 3d atoms having Sz
spin.

Due to high symmetry of the structure, the M and R atoms occupy only one type of site
in lattice and thus only one Msq4(0) value is expected for all sites in a given compound. The
5d-3d exchange interactions act as an internal field, Hecn, ON 5d bands and induce an
additional polarization to that determined by 4f moment. By using the molecular field
approximation, the internal field can be writhen as Hexcn = Nsg3¢Mg Where Nsg.aqg IS the
molecular field coefficient describing the exchange interactions between R and M atoms. We
showed already that above the critical field, which determines appearance of magnetic M
moment, the My values are proportional to the exchange field. Thus, it results that Ms4(0) =
YMy. The analysis of the magnetic properties of GdxY 1.xCo, system showed that the molecular
field coefficients describing the exchange interactions between Gd and Co are Nggco = 110 +
10 and not dependent on composition. By using this value and supposing that the 5d band
polarization can be described by the same relation, as a function of exchange field, as for Co
3d moments, Msg = (310%™ ua/T, we obtained that Msq = 0.19 Mq. This relation, in spite of
used approximation, is in rather good agreement with that experimentally determined, Msy =
0.12 My — Fig.13. This suggests that sensitivity of 5d band polarization to the exchange
interactions is of the order of induced cobalt moments.
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6. Conclusion

The exchange enhanced paramagnets Y (CoxNi1x)2 and LuCo,, at T < 10 K show a T?
dependence of the magnetic susceptibility. Above a characteristic temperature, T', a Curie-
Weiss type behaviour was shown. The determined cobalt effective moments are close to that
of Co?* ion. The above behaviour is well described by the spin fluctuations model [35]. By
using band structure cal cul ations we computed the contributions of (CoNi) to the mean square
amplitude of spin fluctuations. The values thus obtained, agree rather well with those
experimentally determined.

A critical exchange field, Hgit = 70 T, was estimated, as necessary to induce an ordered
magnetic moment on cobalt, at 4.2 K. The presence of small nickel moments in RNi,
compounds, with heavy rare-earths, was shown by band structure calculations. Iron shows a
more localized behaviour. The effect of exchange interactions on Mg values is nearly one
order of magnitude smaller than for cobalt.

The effect of local 4f-5d and range 5d-3d exchange interactions on the R5d band
polarizations were evaluated. The induced 5d band polarization by 4f-5d local interactions is
proportional to the De Gennes factor while that due to 5d-3d short range interactions is
proportional to transition metal moments of neighbouring atomsto agiven R.
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Abstract

Results of investigation of the SnO, thin films sensitivity towards to hydrogen are
presented. Films were deposited by chemical spray pyrolysis method on ceramic substrate.
Study of electrical characteristics of obtained layers has shown that the latter possess
resistance on the level 10°-10° Ohm at the working temperatures 200-250 °C.

Gas sensitivity S of deposited thin films amounted 95-100 relative units to 0.1 vol .% of
hydrogen in air. Optimization of gas sensitive properties of tin dioxide films through bulk and
surface doping with Pd and Cu has allowed increasing of hydrogen sensitivity up to 10° rel.
units. Simultaneously, the considerable shift of the working temperatures of such sensor to the
low temperature value (150°C) was achieved.

I ntroduction

Metal oxide based thin film gas sensors (TFGS) have found wide application for the
control of different industrial processes, including fuel combustion, detection of leakages of
toxic and inflammable gases etc due to the power consumption and cost reduction, possibility
for further miniaturization and integration in microsystems for air quality monitoring [1].

Most investigated metal oxide semiconductor utilized for gas sensitive element creation
IS SnO,. Mechanism of gas impurity sensing through the alteration of surface conductivity of
such material at the contact with atmosphere iswidely considered in literature [2,3].

SnO, demonstrates high thermal and chemical resistivity and stability and sensitivity to
different gases but unfortunately possess poor selectivity at that. Obtaining sensor selectivity
for a definite gas is difficult and challenging task. Selectivity depends on many parameters
[4], such as mechanisms of adsorption and co-adsorption of gas molecules, surface reaction
kinetics and electron exchange between adsorbed species and conduction band of
semiconductor. For resolving of the selectivity problem, in practice, there are used different
methods to improve selectivity through the catalytic and electronic effects with utilization of
bulk and surface doping and modification of gas sensitive material.

Different deposition technology like PVD, CVD, sol-gel and other can be used for the
fabrication of thin film based gas sensors [5].

In our research there is considered the possibility to produce TFGS by means of spray
pyrolysis deposition process. Due to apparatus simplicity and low power consumption this
technology is very cheap. Through the modification of deposition process [6] we resolved the
technical task of uniform and reproducible deposition of tin dioxide thin films on large area
that makes this technology compatible with group technology of microelectronics that will
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allow arranging the large-scale manufacturing of TFGS for different application. Earlier we
reported [ 7] on creation of thin film gas sensor with high sensitivity to CO.

In the given report we present results of investigation aimed at the fabrication of TFGS
with high sensitivity to hydrogen presence in atmosphere by means of spray pyrolysis
deposition technology. Topology of developed TFGS and basic operational parameters are
presented.

Experimental details

For films deposition by means of spray pyrolysis method on already fabricated through
group technology chip of TFGS (Fig.1) there was used 0.2M SnCl;5H20 water solution.
Volume of sprayed solution was equal to 1 ml and time of its spraying was equal to 10 s.
Deposition was carried out at pyrolysis temperature Tp,=425°C.

5 2 3 5 For enhancement of SnO, films

£/ \\ N sensitivity to hydrogen the Pd doping
IZ( [ i \D was used. Doping was carried out also
il through spray pyrolysis method with

o] using of Pd(AcAc), as a precursor. In

1 6 \ / order to overcome technical difficulties
appearing a the introducing of

Fig.1. Chip of TFGS: 1-substrate; 2- heating Pd(AcAc), due to its poor dissolving in
electrodes; 3-resistive heater; water there was used speciadly
4-measurement electrodes; 5-contact area; developed approach [8] based on mixing

6- SnO; gas sensitive film. of two solutions: aguatic, containing

02M  SnCI45H20, and ethanal,
containing Pd(AcAc),. Ratio of tin and palladium atoms in solution Sn:Pd was equal to 100:1.
Combined solution was sprayed after homogenization.

The thickness of deposited SnO, films was measured using ellipsometer amounted 80-
100 nm. Concentration of free electrons determined from Hall effect measurements has
amounted 4-610™ cm®,

Gas sensitivity was determined as ratio of SnO, film resistance in the pure air and in the
presence of gas impurity in atmosphere (S=Rya/Rair). Values of R were determined through
Van-der-Pauw method. Along with study of developed device gas sensitivity to H, its
sensitivity to some other inflammable gases (CH,4 and C3Hg) was also tested.

Results and discussion

In Fig.2 there are presented results of experimental study of influence of SnO2 thin
films doping with Pd. Here we had used different modes of doping - bulk, surface and
combined (simultaneously bulk and surface). The bulk doping of tin dioxide with Pd (curve 2)
leads to some growth of sensitivity Sto 1 vol.% of H in air but it is not very significant. We
connect this with the fact that thin SnO, films obtained by means of spray pyrolysis method,
are solid (i.e. not porous) and, as a result, atoms Pd introduced in the bulk of film do not
participate in the chemosorptional processes on the film surface. So, in this case only atoms of
Pd positioned on the film surface can participate in the reaction of catalytic oxidation of CO,
giving contribution to sensitivity growth. Simultaneously, it is observed the 100°C shift of gas
sensitivity temperature maximum in the field of lower temperature.
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For further improvement of gas sensitivity of tin dioxide thin films we had used
additionally surface doping too. The latter has allowed increasing of the sensitivity by order
(curve 3, Fig.2) and shifting of Syax from 350°C to 150°C. Surface doping was carried out in
the same process and doping solution was sprayed onto the as-deposited thin films of SnO,
already containing Pd in the matrix of film. Such approach is stipulated from the
consideration that at the long term exploitation of sensors at elevated (working) temperatures
the diffusion of atoms of Pd, concentrated on the film surface, inside the film will be
observed. As aresult, we can expect the degradation of gas sensitive properties and alteration

S S
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Fig.2.. Dependence S=f(T meas) for SnO; films: Fig.3. Temperature dependence of SnO, films
1-undoped, 6 vol.% H; in Ny; sensitivity toward 1 vol% CH, in air
2-Pd bulk doped, 1 vol % H, 8 N, (curves 2,4) and 1 vol% of CsHg in air
3-Pd bulk and surface doped (curves 1,3).Curves 1,2-undoped films,

curves 3,4- Pd surface doped and Cu
bulk doped films

of operational regimes. Preliminary introducing of Pd atoms in the film matrix will prevent
the surface Pd diffusion in bulk and provide durability and stability of gas sensitive
characteristics of the device.

Along with study and optimization of the gas sengitivity of SnO, thin films toward
hydrogen we have investigated the possibility to use developed gas sensor for detection of
some other explosive gases such as methane and propane. It was established that tin dioxide
films deposited through chemical spray pyrolysis process possess very low sensitivity toward
these gases. In particular, sensitivity of the obtained filmsto 1 vol.% of methane or propanein
air does not exceed value of 2 relative units. At that, both maxima of gas sensitivity are placed
at the temperatures in the interval 500-520°C. Through the series of experiments there was
established that combined doping of tin dioxide thin films with copper and palladium allows
to increase by some times gas sengditivity of the given films (and, as a result, thin film gas
sensors on their base) to methane and propane, widening through that field of application of
developed microelectronic devices. Atoms of Cu were introduced in the sprayed solution as
CuCl,6H,0 in ratio Sn:Cu=100:1. Cu was used for bulk doping of tin dioxide films, but Pd
for surface doping only.
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For the determination of the optimal exploitation parameters of the fabricated TFGS
there was carried out a series of experiments, results of which are presented in the Table
below.

Table. Parameters of SnO, based TFGS with hign sensitivity to H..

Parameters
1. Gas sengitivity to:
1vol.% Hyin N, 8-910°%rel. units
1vol.%CHg4 in ar 8-10rel. units
1vol.% CsHg in air 4-6 rel units
2. Threshold sensitivity to H, 0.01vol.%inair
3. Temperature in active zone (°C):
at the detection of H, 150-180
at the detection of CH,4 and C3Hg 300-350
4. Sluggishness (s) <2-3s
5. Response time (s):
at the detection of H, 5-10
at the detection of CH,4 and CsHg 15-20
6. Consuming power (mW):
at the detection of H, 60
at the detection of CH,4 and C3Hg 100
Conclusions

In the frame of carried out investigations it was shown that at the correct choice of
doping additives and mode of doping the chemical spray pyrolysis deposited thin films of
SnO, can be used for creation of microelectronic gas detectors with high sensitivity to H, as
well as other inflammable gases (CH,4, C3Hg).
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Abstract

This paper presents results of the modeling of the temperature distribution in a chip of
thin film gas sensor, operating at high temperatures (150-1000°C), required to provide high
sensitivity and selectivity to target gases. Anaysis of thermal regimes of such chip was
carried out on the base of model of plate with local source of heat. It was found that substrate
heat conductivity is most influencing parameter, determining both temperature distribution in
chip and also the electrical power consumption decreasing. The example of realized chips
designed in accordance with results of modeling is presented. The results of modeling are
compared with experimental data.

I ntroduction

For the normal functioning of a thin film gas sensor (TFGS) its construction should
include heating element, providing the warming of the film up to required working
temperature. The latter, in its turn, influences the choice of topology of TFGS chip, substrate
material and TFGS construction, in general. As a result, it is needed for TFGS construction
optimization with a purpose of increasing of TFGS reliability and durability and decreasing of
the power consumption.

In practice, the task of optimization of TFGS construction requires the knowledge of
temperature regimes and, in particular, temperature field distribution in a chip of gas sensor
on dependence on material substrate, geometry of chip, temperatures in working zone of
sensors, etc. In this connection, there was carried out investigation of the given problem
through the numerical computer modeling of temperature distribution in a chip of TFGS and
experimental testing of the results of modeling on devel oped structures of TFGS chip.

1. Modeling of the temperaturefieldsin chip of gas sensor

The task of modeling of the temperature regimes of TFGS is sufficiently complicated
and for its simplification there was considered the chip of TFGS “isolated” in space. The
given approach alows us aready at the stage of selection of material of substrate, geometrical
sizes and topology of chip to estimate the influence of all the mentioned above factors on
temperature distribution in chip.

In our case chip of TFGS represents a thin plate (with thickness §=400-500 pm) of
dielectric substrate with linear dimensions L and Ly, on the surface of which resistive heater
(RH) is formed through the group technology methods. Linear sizes of RH are: 2AE, 2AE and
coordinates of center of RH - (&,1).
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Analysis of the thermal regime of such gas sensitive element can be carried out on the
base of model of plate (Fig.1) with local source of heat and heat exchange from surface [1].

In the frame of the given model it is
2AE supposed:

1) the sources of heat of power P
are distributed uniformly in the field of
RH, surface density of heat flow from
n 2An local sources with power P is equal to
zero out of RH and is constant in its
limits;

> 2) the heat exchange from plate
0 g L X ends is negligible in comparison with heat
Fig.1. Platewithlocal source of heat — the exchange from basic surfaces;
model of chip of TFGS 3) the heat exchange with
environment is realized only through
irradiation and convection from two basic surfaces;

4) the coefficients of heat exchange from basis surfaces do not depend on temperature
and are equal o1 and o, correspondingly.

Then the stationary field of temperatures of such plate can be described by the following
differential expression [2]:

/RH

20 %0 2, m "
+ -a 0 =-9,
PPV Is
P (04 +a2
where g =——, a=— 1 ,  L{U}=1linthefield of U and 1{U}=0 out of this
S 4AEARSA A6

field U; 6=T-Ts is temperature head, T is temperature of plate in given point, Tg IS
environment temperature; A is specific heat conductivity of plate, a1 and o, are coefficients of
heat emission. Border conditions for the given equation with account of assumption 2 have
the following form:

6l o0

Gilio = 2 - =0, (i=xy) (2

P

O= @ @ 3
X
(a1+a2 ) Su y

where S;=4A&An is surface area of RH (U), a ox and ¢y are non-dimensional coordinate
functions having bulky form and so will not be presented here.

2. Numerical calculation of temperaturedistribution in chip
The computer calculation of the temperature fields in TFGS chip by Eq.(3) was carried

out for different values of A , and L; (i=x,y), coordinates of the field of heating up,
environment temperature Te and average surface temperature Ts.
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There were used the following values: A = 1; 10; 100 W/(m K); Ly , Ly= 510, 1107
1,510% 2102 (m); § = 4% m; 2A8 =7,5% m; 2An = 2,5 m; En=0; Li/4; Lil2; Te = 20°C; Ts =
200; 250; 300; 350; 400°C. Coordinates x and y were changed with a step 0,1L;.

Proceeding from the dependence of the coefficient of heat irradiation on temperature the
calculations were carried out in the following order: 1). assignment of average surface
temperature of substrate Ts and finding of the coefficients of heat emission o, and ap; 2).
finding of the value of dissipating power P; 3). calculation of the temperature as function of
coordinate by formula (3).

The value of total dissipated power was estimated by equation:

P=a(Tp-To) Ly "Ly (4)
3. Results of modeling of temperaturedistribution in TFGS chip

In the result of modeling it was established that value of A plays the key role in the
forming of temperature distribution in TFGS chip and power P dissipating (Fig.2-3).
Decreasing of A by two orders leads to the some times growth of temperature Try in the field
of heating at the constant dissipating power. Most significant growth is observed at the A
change in the range from 10 to 1 Wt/m’K.

1000
P, Bt

800 i
600 20r
400 i

10
200 N
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C 4 8 12 L,mm 10° 10" 10?2 lgh
Fig.2. Temperature profilein TFGS chip on Fig.3. Dependence of average dissipated power
dependence on substrate A, [Wt/(M*K]: Pona

1-1; 2-10; 3-100. (RH in a center of
substrate. Pry=0.87 W)

The second factor by the level of influence on temperature distribution in the chip of
TGFGS isthe position of resistive heater on substrate. One can see that shift of RH from the
position in the center of substrate (Fig.2) to its edge (Fig.4) leads to the twice increase of
temperature in the zone of heating up. If the same temperature is kept in a zone of heating up
for different values of ) of substrate the temperature in the field of the contacts of gas
sensitive elements can be decreased by 200-400°C (Fig5.)
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So, the carried out modeling of temperature regimesin TFGS chip alows: 1) to estimate
the influence of the heat conductivity of substrate material on the temperature profile in chip;

2000 T,’C
1600
1200
800
400
| 1 | | | 1 |
0 4 8 12 L, mm C 4 8 1 L,mm
Fig.4. Temperature profilein TFGS chip on Fig.5. Temperature profile in TFGS chip on
dependence on substrate A, [Wt/(M?K]: dependence on substrate A [Wt/(M*K]:
1-1; 2-10; 3-100. (RH at the edge of 1-100; 2-10; 3-1. (RH at the edge of
substrate. Pry=0.87 W) substrate.)

2) to account the influence of the position of resistive heater on the surface of chip on the
temperature distribution and value of consuming power P, 3) to optimize topology of the
TFGS chip.

4. Experimental study of temperaturedistribution in TFGS chip

Results of numerical modeling were tested by means of measurement of temperature
profile in real, fabricated by us, TFGS chip. Topology of chip and temperature profile are
shown in Fig.6. As a substrate policor (A=10

T.°C Wt/m?K) with size 6,5x5,5 mm was used. RH
was placed in point with coordinates
(Lx/4,Ly/2). Resistive heater supply voltage
amounted 10 V and current through heater
was 150 mA. Temperature was measured by
means of Cu-constantan thermocpuple in the
cross-section y=L,/2.

Comparison of the calculated and
experimental curves T(x) in Fig.6
demonstrates sufficiently good

1-experiment; 2-calculation. correspondence of the modeling results to real
temperature regimes in TFGS chip that allows
us to conclude that the considered model is applicable for TFGS topology design.

1 2 3 4 X, MM
Fig.6. Temeperature profilesin TFGS chip
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The numerical modeling of the electrical potential distribution and current passing in
the contacts of the high temperature superconductor (HTSC) with semiconductor InSb had
been made. There were analysed the possibilities to create the diode detectors (DD) based on
these contacts and working at liquid nitrogen temperature 77.4 K. The influence of the surface
states (SSt) densities on the DD parameters was analyzed.

Earlier we had studied the situation, when SSt were in the thermodynamic equilibrium
(TE) with HTSC and they had not time to recharge with applied voltage (a "dynamical”
regime).

In this article an opposite situation is studied, when SSt are in TE with InSb and they
have time to recharge with applied voltage (a"statical" regime).

The comparison with existent literature data shows that the proposed DD can be 10+-100
times better. Therefore these DD are perspective for cryogenic electronics and it is actual to
elaborate them.

At present the perspectives of the HTSC technical application are widely studied. The
possibilities to create DD with Josephson HTSC junctions are also investigated. According to
[1] the best of them revealed the voltage responsibility VR=5000 V/W and noise equivalent
power NEP = 2x10* W/HZ® at the signal frequency f=31 GHz and temperature T=77 K. We
suppose that the elaboration of DD working at T=77.4 K which are based on the HTSC-
semiconductor contacts may be done too. At present the contacts of HTSC with
semiconducting SITiOs [2] and GaAs/AlAs superlattices [3] are already obtained. Taking into
account the experimental problems the numerical analysisis actual.

In order to solve this problem the calculation method was elaborated and the numerical
analysis of the contacts HT SC-semiconductor (InSb) was made. The [4, 5] results were taken
into account. The potential distribution, current-voltage dependences and DD parameters
were cal cul ated.

According to [6] it was proposed the SSt energy density to be equal to 2x10™ m? ev™
in the middle of the forbidden band of InSb and one order more at this band edges.

On the other hand taking into account the results in different semiconductors we
believe the other SSt densities may be realized too. To make clear the SSt influence two cases
were studied: (i) - the above-mentioned SSt energetic density; (ii) - when SSt energetic
density is 10 times higher everywhere.

Earlier we studied the situation, when SSt were in the thermodynamic equilibrium (TE)
with HTSC and they had not time to recharge with applied voltage (a"dynamical” regime).

In this article an opposite situation is studied, when SSt are in TE with InSb and they
have time to recharge with applied voltage (a"statical” regime).

To analyze the possible DD structure a flat contact with a surface 100 p? was considered.
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Fig. 1. presents the calculated current responsivity (CR) on the signal frequency (F) -
the curve numeration is invariable in this article). In all the figuresin this article curves 1 and
2 reflect the cases (i) and (ii) correspondingly. Negative potential is applied to n-InSb and
positive oneto HTSC.
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Fig. 1. The calculated current responsivity dependence on the signal
frequency. The logarithmic scale for X-axisisused .

In al cases the current responsivity reduces at high frequencies, because the negative
role of the barrier capacity is revealed and the contact capacity resistance becomes
comparable with the ohmic resistance of the semiconductor volume. The redistribution of the
applied voltage between contact resistance and volume resistance occurs, thus leading to the
decrease of the rectified current and DD parameters become worse. In the case (ii) the
contact resistance is higher and the change of the potential barrier with applied voltage is
more sufficient. This fact provides a bigger current responsivity at low frequencies in the
case (ii).

On the other hand in this case a dightly thicker film was considered. And although
this circumstance caused the only little increase of the ohmic resistance, but its influence on
the DD characteristics was very strong.

At the high frequencies a drastic increase of the current responsivity took place (see
fig.1,curve 2). Thisfact shows the miniaturization importance in examined structures.
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The calculated voltage responsivity (VR) dependency on the signal frequency is shown
inFig. 2.

VR, VIW

10*

107-;

0.1 1 10 100

F, GHz

Fig. 2. The calculated voltage responsivity from signal frequency. Infig.
2,3 thelogarithmic scaleis used for both axes

The explanation of the frequency dependence is similar to one in Fig. 1. The case (ii)-
curve 2 is better to achieve the good voltage responsivity, because in this situation we have a
big current responsivity and a contact differential resistance is higher, but the voltage
responsivity is approximately determined by the production of these values.

Fig. 3 presents the calculated noise equivalent power (NEP) versus signal frequency (in
good DD this value must be minimum).

Noise equivalent power is inversely proportional to the current responsivity. At high
frequencies current responsivity decreases and noise equivalent power increases. At lower
frequencies (ii) caseis better dueto its small noise current density . But if the frequency rises
the current responsivity reduction becomes more significant and (i) caseis better.
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Fig.3 The cal culated noise equivalent power dependence on
the signal frequency.

The comparison with [1] data shows that the proposed DD can be 10+100 times better
apart from the SSt density. Therefore these DD are perspective for cryogenic electronics and
it is actual to elaborate them.
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Abstract

This paper presents result of investigation aimed at the improvement of gas sensitive
properties of SnO, thin film gas sensors (TFGS) by means of high frequency (HF) oxygen
plasma treatment and its surface doping. Used in experiments SnO, films were deposited by
spray pyrolysis method. It is shown that plasma treatment provides 3-4 times growth of thin
film gas sensitivity. Surface doping of SnO, films with Pd leads to gas sensitivity increasing
by order. It is concluded that combination of HF oxygen plasma treatment and surface
sensibilization through surface doping is an effective way to considerable improvement of gas
sensitive properties of tin dioxide based TFGS.

I ntroduction

As follows from the developed earlier model of TFGS [1] and established interrelation
between gas sensitive properties and electrophysical parameters of metal oxide film [2]
further improvement of gas sensitivity (depending on film thickness d and charge carriers
concentration n in film) can be achieved through the decreasing of free electron concentration
in the layer and increasing of catalytic activity of SnO, surface by means of doping.

The first approach will allow obtaining of thin films with required resistance (~10°-
10° Ohm) and correspondingly gas sensitivity at higher values of d that simplifies
technological control of this parameter and increases the reproducibility of deposition process.
As free electron concentration in thin films of SnO; is determined, mainly, by the own
stoichiometry defects, connected with oxygen deficient in film matrix the smplest way to
decrease free charge carrier concentration in layer could become standard technologies of
microelectronics: 1) thermal oxidation in oxygen containing atmosphere (for instance, air) and
2) treatment of layersin oxygen HF plasma.

Second approach allows increasing of the sensitivity of TFGS that is connected with the
fact that energies of dissociative adsorption for O, and CO on the surface of noble metals (Pd,
Pt) are considerably lower than on the surface of SnO,. As a result, the reaction of CO
detection (catalytic oxidation on the surface of SnO.:(Pd, Pt) will proceed at a lower
temperature than in the case of undoped SnO..

In this connection we have carried out the investigations aimed at the evaluation of
degree of efficiency of the mentioned approaches to improvement of gas sensitive parameters
of TFGS fabricated on the base of tin dioxide thin films deposited by means of spray
pyrolysis method.
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1. Experimental details

For the forming of gas sensitive films on the ceramic substrate there was used method
of chemical spray pyrolysis. Details of technology of deposition are described elsewhere [3].
Films were deposited at the temperatures in the interval 400-500°C from alcohol solutions of
SnCl45H,0. The thickness of filmswas varied in the range 20-100 nm.

Surface treatment of obtained tin dioxide layers was carried out in pure oxygen plasma
at room temperature. Time diapason of treatment had been varied from 5 to 45 minutes, and
determined optimal time for such treatment of tin dioxide thin films was found equal to 30
min. For comparison and estimation of efficiency of plasma treatment there was used thermal
annealing also. Thermal ageing was carried out in the furnace of open type in atmosphere of
air at the temperatures in the range 400-600°C. Time of annealing varied from 1 to 10 min.

For evaluation of plasma treatment and therma ageing efficiency there was used
measurement of resistance and gas sensitivity of tin dioxide thin films towards CO presence
in air. Resistance of filmswas measured by means of Van der Paw method. Sensitivity of thin
films to CO was determined as S=Rya/Rair, Where Ryas and Ry, are resistance of film in the
presence of detected gas in air and in pure air correspondingly. Stoichiometry of films was
controlled by means of SIMS and | R-spectroscopy measurements

For SnO, films doping with Pd spray pyrolysis method had been also used.

2. Results
2.1. Oxygen HF plasma treatment and thermal annealing of SnO; films

Results of thermal annealing and oxygen HF plasma treatment of SnO, are presented in
Table and in Fig. 1-2. One can see that utilization of both types of SnO; thin film treatment
leads to some growth of resistance and sensitivity of filmsto CO presence in atmosphere.

Table. Influence of HF oxygen plasma treatment and thermal annealing on resistance R and gas
sensitivity S of SnO, thin films deposited at Tp,,,=440°C (T rea=T room; tireax=30 MiN)
No. of samples 1 2 3 4 5 6 7 8
Beforeplasma | R10°, Ohm| 0,06 | 1,4 | 0,14 | 0,08 | 0,08 | 0,09 | 0,08 | 0,06
After plasma S rel.units. | 36 (50| 56 | 51 | 55| 41 | 44 | 32
Beforeplasma | R10°0hm| 22 | 20| 46 | 14 | 16 | 15 | 1,0 | 1,3
After plasma Srelunits. | 14 | 12 | 13 9 11 9 85 | 10
No. of samples 1 2 3 4 5 6 7 8
Before annealing | R10°,0hm| 40 | 2 [ 07| 06 | 03 | 0,1 | 008] 03
After annealing Srelunts | 19 | 14 | 12 10 8 4 6 8
Before annealing | R10°,0hm| 64 [33| 22| 17 [ 06 | 02 | 02 | 0,7
After annealing S rel.units. | 43 | 30 | 21 19 16 | 80 | 85 | 115

Simultaneoudly, as follows from the results of SIMS (Fig.2) and IR-spectroscopy
(Fig.3) measurements, the content of SnO, phase in tin dioxide film is grown noticeably that
directly points out improvement of stoichiometry of treated films and the role of the latter in
optimization of films characteristics.

Analyzing the obtained results we can conclude that both thermal annealing and HF
oxygen plasma treatment possess the similar effect from the point of view of gas sensitivity
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Fig.1. Thermal annealing influence on resistance Fig.2. Influence of thermal annealing on ratio
and sensitivity to CO of SnO, thin films Sn/SnO in SnO; thin films (T,.,=600°C;
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Fig.3. IR transmission spectra of SnO,/Si, deposited at T, (°C): 1-400; 2-450; 3-500; 4-550.
(a) -before and (b) after annealing at T=600°C during 10 minutes.

increasing but further it is more advisable to use plasma treatment, which is carried out at
room temperature and, as a result, negative influence of high temperatures (enhancing
degradation effects) on already ready TFGS chips will be excluded.

2.2. Influence of doping on gas sensitivity and selectivity of tin dioxide thin films

In Fig.4 there are presented results of experiments on SnO2 thin films doped with Pd.
Here we had used different modes of doping-bulk, surface and combined (simultaneously
bulk and surface). Simple bulk doping of tin dioxide with Pd (curve 2) leads to increase of the
resistance of films by order but the growth of sensitivity S to 4vol.% CO in air is not very
significant. We connect this with consistence of deposited films. Films obtained by means of
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spray pyrolysis method, are continuous (i.e. are not porous) and, as result, atoms Pd
introduced in the bulk of film do not participate in the chemosorptional processes on the film
surface. So, in this case only atoms of Pd positioned on the film surface can participate in the
reaction of catalytic oxidation of CO, giving contribution to sensitivity growth. As one can
see from Fig.4 this contribution is sufficiently small — only two times growth of S and
practically no any shift of temparature maximum of gas sensitivity in the field of lower
temperature, although it was expected.

S Utilization of surface doping has
allowed increasing of the sensitivity by
order (curve 3, Fig.4) and shifting of
Smax from 350°C to 270°C. However,
in spite of achieved progress in
sensitivity growth and operating
temperature decreasing, such mode of
doping also is not ideal because at the
long term exploitation of sensors at
elevated (working) temperatures the
diffusion of atoms of Pd, concentrated

m on the folm surface, inside the film
9/‘/\"\& will be observed. As a result, we can
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H | | | . : . expect the degradation of gas sensitive
250 275 300 325 350 Trneas, °C properties and alteration of operational

. regimes.
Fig.4. Dependence S=f(Tmess) Of SNO; thin films: Proceeding from that we had
1-undoped; 2-bulk P doped, 3-surface Pd used the combined - bulk and surface-

doped and 4- combined (bulk and surface)

doped (4). doping of SnO; thin films, which

allows providing of high sensitivity of
the obtained films, decreasing of
opera-tional temperatures and maintaining of the gas sensitive characteristics on the required
level during long time (curve 4, Fig.4). It is achieved by the presence of sufficient amount of
Pd in the bulk of film, which will prohibit the Pd atoms diffusion from surface to bulk.

Conclusion

Carried out study has shown that oxygen plasma treatment can be successfully used for
improvement of gas sensitive properties of TFGS fabricated through group technology of
microelectronics. Further increasing of gas sensitivity to CO and decreasing of operational
temperatures of TFGS can be achieved by means of combination of bulk and surface doping
of tin dioxide filmsin the process of their deposition by spray pyrolysis method.
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Abstract

In this report we present results of investigation of influence of the parameters of SnO, thin
film on their gas sensitive properties. SnO, films were deposited by spray pyrolysis method.

The influence of technologic parameters on concentration of free electrons n,
stoichiometry, thickness d and gas sensitivity S=Rg/R4r Was investigated by means of
electrophysical, IR-spectroscopy and SIMS measurements. It was established that optimal spray
solution’s composition is 0.2M, which alows depositing of SnO, films with required parameters:
n-10"-10" cm-3, R=10°-10° and S>10 correspondently. Obtained results on gas sensitivity are
compared with results of theoretical considerations.

Introduction

As follows from the model ideas about thin film gas sensors (TFGS), developed in [1], for
the reaching of maximal gas sensitivity SnO; thin films should have low electron concentration n
and their thickness should not exceed the value of d=100nm. Both characteristics of these thin
films will depend on the technological conditions of film obtaining.

Proceeding from the established task to develop low-cost and low power consuming
technology of TFGS manufacturing method of spray pyrolysis deposition was used for formation
thin film gas sensitive elements. In this case, the key technology parameters, influencing the
formation and electrophysical (n, R) and geometrical (d) parameters of tin dioxide films are:
pyrolysis temperature T,y and sprayed solution composition.

In its turn, electrophysical and geometrical parameters of metal oxide film determine gas
sensitive characteristics of spray deposited thin tin dioxide films.

In this connection, the next consequence is considered in the frame of the given report:
deposition technology parameters = SnO, thin film parameters = gas sensitive characteristics.

Experiment
Thin SnO, films were obtained through spray pyrolysis method (SPM) [1]. SnO; films

were deposited from a starting solution of tin chloride pentahydrate (SnCl45H,0) in ethanol or
deionized water on the alumna ceramic substrates. The content of SnCl,;5H,0 in solution was
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varied in arange (0.1-1.0)M. Deposition temperature was in the range 400-550°C. Gas sensitivity
was determined as ratio of SnO; film resistance in the presence of gas impurity in atmosphere
(CO,CHa, H, etc) and in the pure air (S=Rgad/Rair).

Values of R were determined by Van der Paw method and concentration of charge carriers
from Hall measurements. SIMS and IR-spectroscopy were used to control stoichiometry of
deposited thin SnO; films.

Results of study
Fig.1 presents results of experiments carried out for optimization of sprayed solution

composition for obtaining of films with required resistance 10°-10° Ohm. It was found that
optimal concentration of SnCl;5H,0 in both alcohol and water solution should amount 0.2M.

IgR d, nm
IgR 10°E — 240
10°E - _
- 10° — 160
10°E =
il 10°= — 80
10°E =
- [SNCl4], : o
B mole % 10*
T T T T T 7777 b 1Ty oo
102 102 10° 450 500 550 Py
Fig.1. Dependence of R on mole concentration Fig.2. Dependences d=f(Tyyr) and R=f(Tyy)
of SnCl, in ethylic alcohol solution for SnO; films deposited

Fig.2 shows the influence of deposition temperature on thickness and resistance of tin
dioxide films deposited from acohol solution. One can see that the maximum for both
parameters is observed at T,,=500°C. Apparently this temperature is optimal for providing
activation energy of pyrolysis reaction. Deviation from this temperature |eads to the decreasing of
reaction rate and reaction output (in case if T<Tp,;) and re-evaporation of atoms and molecules
from the surface of growing film (T>Tpy,) and, as result, decreasing of the thickness of deposited
layer.

As to dependence R=f(Tyy) the obtained result-dependence trend and maximum presence-
is rather unexpected. As follows from the measured dependence R=f(d) (Fig.3) we should expect
a the deviation from Tp,=500°C decreasing of d and, correspondingly, growth of R value.
However, we observe an opposite situation - value of R is also decreasing. Explaining this fact
we supposed that not only reaction output is decreasing but also the ateration of phase
composition of SnO; in direction of increasing of conducting Sn and SnO phases takes place. The
reasons for that are the following: at T<500°C pyrolysis reaction do not proceed in full degree
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and the amount of non-reacted atoms of Sn is increasing. Besides that, the amount of

a8

Q 4

R Ohm
10"
10°
—3
10° =
10*

I
100

|
200

I
300

d, nm

Fig.3. Dependence R=f(d) for SnO, films
deposited at T, (°C): 1-450; 2-500; 3-550

intermediate products of pyrolysis reaction
(Cl atoms) is aso increasing. In accordance
with [2] the amount of Cl atoms, acting as
donor and, as a result, decreasing value of
R, is increasing from 10* at.% to some
atomic % at the Ty, changing from 490 to
380°C. At the temperatures T, higher than
500°C the processes of re-evaporation of
anions are reinforced [4] and this leads to
the growth of Sn and SnO content in the
SnO; films and, as aresult, decreasing of R.

Our further investigation of SIMS and
IR spectrum has confirmed the correctness
of the given explanation. One can see
(Fig.4) that ratio Sn/SnO is minima at
Tpyr=500°C that corresponds to the greatest
stoichiometry of SnO, film composition.
The resistance of tin dioxide films is
maximal and its value is in the range 10°-
10° Ohm corresponding to requirements for
TFGS.

Results of IR spectroscopy (Fig5) aso confirms our conclusion, demonstrating sharp
growth of adsorption at A characteristic of SnO- in the case of films deposited at T,,,=500°C.

Sn/SnO R, Ohm

6

6.5 A 410
6.0 — A

-1 A A
55 1107
1T T T T 1 0
450 500 Tor €

550

Fig.4. Influence of Ty, on phase composition

of SnO, thin films

104
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1
70 2 \
R A ere o
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\ / N
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Fig.5. IR transmission spectra of SnO./Si,
deposited at T,y (°C): 1-400; 2-450; 3-500;
4-550.
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Hall measurements have shown that in SnO- thin films the dependence of concentration of
charge carriers on Ty, demonstrates also non-monotonic character with minimum at T p,,=500°C.
(better stoichiometry). Values of n are amounted 6.910™ cm™ (alcohol solution) and 3.410% cm'
% (water solution) correspondingly.

\ Fig.6 demonstrates dependence of

S O tin dioxide thin film’s gas sensitivity to 4

)‘ \ vol.%CO in air for films with different

value of n. For comparison, the theoretic-

& cally caculated curve is aso given. One

can see that very good coincidence

between experimental curves and curve

obtained by the results of modeling [5] is
observed.

Another conclusion which could be
made from these results is that gas
sensitivity is decreasing considerably,
aspiring to a unity value of sensitivity, at

0 thicknesses greater than 100 nm. The latter
10 40 80 120 160 200 means that films with thicknesses,
exceeding value of 100 nm are not
Fig.6 Dependence S=f(d) of thin SnO, films. ~ @cceptable for creation of TFGS. At the
(prr:4SOoc; T,=350°C (S)Ild line- thicknesses less than 100 nm the Shal’p
modeling, dotted line-experiment grOWth of Svalue is observed, however, at
1-n=10" cm’; 2- n=10" cm). the thicknesses less than 30 nm the high
non-uniformity of the parameters of

deposited filmsis observed and such films also become unacceptable for TFGS manufacturing.

Conclusions

It was established that thin SnO, films deposited by chemical spray pyrolysis method
possess high sensitivity to CO (S>10 rel.units) at the thicknesses in the range 30-100 nm and
charge carrier concentrations in the range 10*’-10" cm™. Thin tin dioxide films produced through
spray pyrolysis can be used successfully for manufacturing of TFGS through group technology of
microel ectronics.
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Abstract

The possibility of realization of both the cubic and the other power-mode and polyno-
mial types of non-linearity in the Shroedinger equation that describes the quantum excitations
for n-dimensional media is shown. This problem is first considered in detail for such system
as the single-walled carbon nanotube. The stable solitons are obtained analytically.

1. Introduction

During the electronic excitations in media with different degree of order, relatively sta-
ble formations such as solitons appear [1-2]. In contrast to the related excitations of excitons,
solitons are more real objects. This is connected with the fact that the excitons leave out of
account the influence of electronic excitation on the change in interaction between the struc-
tural elements of the medium. A similar change leads to the local deformation inside the lat-
tice. A study of soliton excitations in the novel materials such as the single-walled carbon
nanotubes (SWCNT) [3-5] isissue of the day, especialy as they are connected also with con-
figurational (conformational) changes in the nanotubes. A change in their form can lead to the
appearance of heterojunctions [6-7], which are very important to nanoelectronics.

2. Functional for the electronic excitations
Depending on symmetry, the SWCNT can be metals or semiconductors [2-3]. Therefore

the corresponding functional for the electronic excitations in the semiconducting SWCNT
takes the form:

H({A»:ﬁzr_n'(wﬁ,mwﬁ,m\Aﬁ,m

+3Y M @)
K,

Here n, m, k, | are the vectors, which indicate the positions of carbon atoms in the
nanotube (vectors of lattice). Primes in sum on n, mmean that n=m, and in sum on

k, | mean that these vectors are not equal to zero simultaneously. Factor W m describes the

pair interaction between the structural elements of the considered space (here carbon atoms)

in the absence of excitation (Aﬁ M= 0). Factor Dam describes changes in interaction be-

tween carbon atoms in the presence of excitation (Aﬁ e 0) and fixed locations of charge

2 *
A A —  _|.
‘ kI M " npkm+l

carriers (electron in the knot n and hole in the knot m). Factor MET represents the addi-

tional change in interaction between carbon atoms, but connected with the movement of carri-
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ersin the space. A is the wave function which depends on the variables n and m, and

determines the distribution of the excitation of the system in the space (nanotube) and in the
time. It satisfies the normalization condition:

5y ‘Aﬁm‘ -1, 2

Assuming the considered space to be uniform (in this case it indicates the absence of
impurities or other defects), it is possible to consider that all enumerated factors in functional
(1) depend only on differences in the pairs of their indices. Then functional (1) is reduced to
the form

2
- 4D |A_ M__ A~ A |, 3
H(tA) %ﬁéo){wnmn AN,ﬁ‘ * 2 MTKANR ATk ®)

where N=n+m is the doubled value of the geometric center between the carriers (for the
difference n—m is made the replacement simply on 7). Analogously, for the indices k and
1: L=k+I,and k-1 we have substituted simply on k. Prime in the sign of sumon L, k
means that these indices cannot be equal to zero ssmultaneoudly. If we temporarily designate
equilibrium values of variables 0, N, k, L in the absence of excitation (AN - 0) through

My No. Kg- Lg, then in the presence of excitation (ANﬁ #0) functional (3) will take the

form:
2
H({A}):_Z_Z w_ = +D_ = A— _ +
No M0 | Mo*on N, MoTcm, W, No:Mo (4)
Yy M—_ — A _ A_ _ _
EO'E LO’kO N0 my 0+L0,n0+k0J
Additional displacements Eﬁ — are determined by the presence of excitation. Ex-
00
panding w and D in series on the components of small displacements i% N (here a=1,2),

00
and also by rejecting then indices "0" at the variables i, N, k, L (for the purpose of simplifi-
cation in the notation), we will obtain:

wo— o=wo sy %P B (5)
n+§ﬁ,N n BN nN °n,N
D.: =Dn+IDfly. (6)

Here U%’B and D% are the corresponding force "constants’, which are, generaly

speaking, functions from the distance n between the carriers. Substituting (5) and (6) in (4)
and minimizing the obtained expression on &% N we will obtain
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2
: (")

S|

% 0%P b

where D%’Bis the matrix, reverse with respect to U%’B on the superscripts. Substitution of

(7) in the functional, which was minimized on E,% N (obtained of (4) by substitutions (5), (6))

A

a
Sh,

N

N N,n

givesthe form

2 4

_ 1 ' i ; )
HiAD-Wz ¥ [Dﬁ Al 2CANA e VTR AN ANk
where W= > w- is the energy of the not excited medium and

N0 "
=% > U%’B D% Dﬁﬁ. In expression (6) it is possible to consider the following terms of
o,
; (0
expansion on F’ﬁN

Cq

&P 9)

-D_ D% .50 __ D%B. a _,
1t EPR AN T O SRN CaN

n+e_ N
<:ﬁ,N

where D%’B is the force "constant”, which makes sense, analogous to U%’B "constant”. For

example, this can be important to maximal precision of the contributions of the second order

on @%N. Under the condition D%’B << U%’B, the corresponding minimization leads to the

following degree on

(10)

PDE . We will further work with this func-

tional, since functional (8) is one of its special cases.

For final obtaining of a strict functional of soliton let us remind that in the sum on L
and k these indices are not equal to zero simultaneously. Choosing separately L =0, k = 0
terms, and L =0, k =0 terms, and rejecting all the remaining as negligible, and also repre-

senting the function A— _ in the form of product A— _ =¢p— vy, transforms the consid-
J N, g NA N Y

ered functional transforms to the form:
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2 :
ol tv)= W+z[¢N nioLEO ok ' Ve *On ¥ }EML,o‘”N‘PNﬂJ‘ 1)

1 1 (5 6
23wyl ‘a\q’m\ sl

In this functional, in the term with the sum on L , the normalization condition is taken
into account

2
Xlvy| =1, (12)
which follows from condition (2). Since the function vy describes the internal state of the
system of the excited carriers (electron and hole), and factor Dr actually is reduced to

screened Coulomb interaction between them, we can consider the function vy as eigenfunc-

tion relative to the equation

M —+D-y- =€y, 13
REO ok Vrsk TP va =€vq (13)
where € isthe eigenval ue of energy. It is not difficult to obtain, in accordance with (12) and

2
(13), Z Z M \p +Dﬁ ‘Wﬁ‘ =€ . Taking into account this, and aso the
normal ization condltl on

E(/)N =1, (14)

we will obtain soliton functional in the common form

H(lp}) = W+€+E( NLEOMLO T @N +oloy ] (15)

whereitismarked: g = Zen“"n‘ and G:Z&n‘\yﬁ‘ :
n

3. Soliton equation and its solutions

Functional (15) is considered as the Hamiltonian system with the pairs of the canoni-
cally conjugated variables 7N and pN =i hqo*N, to which it is possible to apply Hamilton's
equations:

*
PN oH 1 oH apﬁ_thN_ oH 6
ot  op— ihAa* ot ot op—
Py o PN

Substituting in these equations Hamiltonian (15) and taking into account that

M To= M T O(si nce this value depends on ‘E‘) we will obtain two complexly conjugated

equations. Therefore it is quite enough to consider only one of them:
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0 p—
N
- _ Jo— —+0— —1-0glo—| o— —| o—. 17
ot oo Lo ((/)N+L+¢N—L) g“”N‘ “N +G‘¢N‘ “N )
Generaly speaking, thisis a soliton equation, formulated in the finite differences. But it

is more known in the continuous approximation, when set N =T, where Tis the vector, which
takes the continuum of values. Thistransition is accomplished by the expansion

R
ZMeolon )= S Mo () v Ee)-

I 7

(18)

2
20 (p( )

where M= Y} 2M— and ny is reduced to the following identity in the two-dimensional
o

(>0 LO
Casel p) = > ML L0 (o= B) . It isnot difficult to see that here it is possible to intro-
o L o By
p
. h2 2 : : .
duce the effective mass tensor: =— X u L, - Then equation (17) in the continu-
2mq L0,>0 a
ous approximation is reduced to the following:
2 A2
0 he 0
Ih—¢+z 9 Mg0+g|(0| Q- cs|(/)| p=0. (19
ot a2my 5 (21

In certain cases the symmetry of matrix elements ME 0is such that the effective mass

tensor becomes isotropic. But even if not, then, in the last equation, aways (if M, g and s are
constants) it is possible to carry out scale conversion, so that it is reduced to the classical soli-
ton equation:

2
., 0 h 2 4
Ih—(p+—A(o—M¢+g|¢| gp—0|¢| ¢ =0. (20)
ot 2m
By simple amplitude-scale conversionsit is possible to transform this equation to
2 20
00, 07D 07O 0@ +f |c1>| O +f |c1>| ®=0, (21)
ot ax 2 ay2

where variables x and y are described by the dimensionless quantities in the units of the di-

(¢
mensional parameter: X :E-,/M.AII other values @, 1, f,, f, and f,, are determined
g V2m

by the specific relations. ®=A-¢; t=1-t4; A= M t —h- |G| f __M'|G|.
T T T 0 T2
g

f1 =sign(g); f2 =—sign(o) . Hyperbolic type generalized solitons first of all are here real-

ized. They can be attributed to the traditional solutions. They depend on the variable of com-
mon form z=a-x+b-y+c and are localized in the direction perpendicular to

a-X+b-y+c=const line. These solutions take the form:
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expli-(9-z-0-1))
\/1+[3-Ch(a-(z—2m)) .
Without the limitation of generality variable z lets us select in the simplest form:

X+Yy

/2

the parameters B, q, o, p and a, in which this equation becomes identity:

2 f 2

®= q2 —fO —a—; B= 1+ﬂ—%-a2 ; B2-%_ Asonecan see, there are three these rela-
4 3 fl f 1

tions for five parameters. In this case the relations have a form of dependence on the parame-

ters B, B, and o on the parameter o . Furthermore, the parameter o depends also on the pa-

rameter q (so-called dispersion dependence). The parameter o is determined by the normali-
zation condition (14), and is equal to:
1 f2
f,-th =.—-—=

®(r,z)=B

(22)

zZ= . Then by using solution (22) in equation (21) we obtain the following relations for

a== . (23)
[ f f
— 72 1 1+th 2 1 _ 72
3 2 3
2 o2
From the condition B< = . follows that the considered type of solitons is realized
1

only in the case of f1 >0, i.e actualy at f1 =1 (taking into account the following determina-
tion: f 1= sign(g) ). This means that hyperbolic type solitons are characteristic only of the sys-

tems, which have g > 0. In this case ¢ can have any sign, since the parameter f2 can take

value both 1 and -1.
Besides this solution Lorenz type solitons are realized. The character of these solitonsis
localized in all directions

ole.7)=B- eXp(i'(a'F‘“)g , (24)

14B-r-2-1-q

where a:(ql,qz) and r =(x,y). In this case for the parameters B , a f and ® we obtain
also three relations

5 2 fq
o B3, p2-31 25)
2 fo
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2

—

q

0<0, o<0. However this solution does not satisfy the normalization condition (14). But in
this case it is important that condition (2) will be executable. It is possible due to satisfaction
of condition (12). Therefore, for the SWCNT, Lorenz solitons, presented in Fig.1, can also be
of significant interest.

where it is marked: q2 = sq%+q%. Here we have f1:—1 and f2 =1, i.e.inthis case

£ 7, A

; El#‘ﬁ‘ ez '.'

w \SrRer A AR
NSy ety

Fig. 1. Theimage of six consistent Lorenz solitonsin the form of joint surface, which is determined by

the \(p(r : r] ?function at the followi ng values of the parameters: q;=0,=05.

4. Summary

The possibility of the realization of soliton excitations in the single walled carbon nano-

tubes with two types of space charge carriers (electron and hole) was considered in this paper.

It is shown that the type of the realized soliton depends on the force "constants® U%’B , D%,

determined in formulas (5), (6), and the force "constant” D%’B, determined in formula (9).

These force "constants' substantially govern the values and the signs of the parameters g and
o, which determine the type of the realized soliton. It should be noted that these force "con-
stants' determine also the nature of a change in the configuration (conformation) of nano-
tubes. Such changes are caused by the appearance of internal stresses in the nanotube, con-
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nected with the displacement vector &%N, determined in (7). In our opinion, the obtained

theoretical results can be useful for studying the mechanical and electronic properties of car-
bon nanotubes.
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The thickness of the layers CdS and CdTe grown on the Si, Ge, GaAs was determined
from the analysis of the polarization ellipse of the reflected light from the surfaces of
structures thin layers — substrate. The thermal treatment of the samples CdS-CdTe in
the presence of CdCl; leads to the increasing of the crystalline phase from layers.

I ntroduction

The modern semiconductor technologies need the samples and multilayer structures
with the well determined physica parameters composed by layers of nanometrical
thicknesses. The ellipsometry is one of the nondestructive methods used in practice, which the
theory of Drude reflection is based on. The performed calculations in many experimental
papers [1, 2] demonstrate the possibilities of correct application of Drude equations up to the
thicknesses of layers of 50?100 A order, but in some cases up to 5710 A [3].

The passage of reflected light rays is
represented schematically from the surface of the
thin layer — substrate structure in fig.1. As the .
refraction index of the semiconductor materials and ®o
dielectric ones is a complex vaue, the linear '
polarized light ray obtains elliptical polarization at ¢, 4
reflection. The presence of one thin layer of Y
semiconductor or dielectric one on the reflecting
surface forms a supplementary phase difference
between reflected rays from the external surface and
reflected ray from the substrate surface. The state of
elliptical polarization is determined univocaly with
two parameters y and A [4] which is determined by relations:

tg\,,:[RpJ% (1)

RS
A=38, -8 2

where R, and Rs are the reflection energetic coefficients, but 6, and &5 are the phases of the
components p and s of the reflected light from the sample.

The next relation [5] is available in the spectral range of transparence of the thin layer
among the Fresnel coefficients of reflection from the surface of structure rap, risand ryp ro the
parameters of polarization ellipse A and y and the thickness d of the layer from the surface:
fp +12p€7"° 14 1grpee2® ©)
2i 1)

- 2i
1+ Fpl2p€ lg + €

The value & presented with gradesis equal to:
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5:36>E)cj(n12—sin2(p)%’ (4)

where ¢ isthe incident angle of the light ray to the surface of the sample.
The experimental technique and method of resear ching

The ellipsometrical parameters A and y were measured by an ellipsometer which optical
scheme does not differ principally from the classical model [6] and is represented in fig.2.
The wavelengths were selected from the field of transmission of film layer by monochromator
MDR-2 from the light beam generated by the Xe lamp (1000 Wt), the thickness and optical
constants of which are determined. The monochromatic light beam is polarized by Rochon
prism so that the polarization plane of the light makes 45° with respect to the incident plane
on the sample. The polarization degree of the reflected light from the surface is analyzed by
Glan-Thomson prism and is registered by a selectively amplified photomultiplifier complex
FME-51 and adjusted at the modulation frequency of the light beam equal to 325 Hz. Optical
schemeis adjusted by He-Ne laser radiation (A=632 nm).

Fig.2. The block-scheme of the ellipsometer. 1 — the sample; 2 — the monochromator MDR-2; 3 —
glass plate; 4 — He-Ne laser (LG-52); 5, 8 — Rochon prism; 6, 9 — circular diaphragms; 7 —
modulator; 10 — photomultiplifier FME-51; 11 — selective amplifier V6-4.

The samples that are thin layers of CdS deposited on the CdTe substrate were obtained
by deposition in the closed volume. The monocrystals of CdS and CdTe grown from the pure
spectral components Cd, S and Te were used as the source of vaporization.

The experimental determinations of the refractive index and the thickness of CdS layers
that are the components of the CdS-CdTe samples were performed at two wavelengths from
the field of optical transparence of the CdS layer. In order to establish the influence of
homogeneity of the layer structure of CdS on the optical characteristics, the samples of CdS-
CdTe were treated thermally in the presence of CdCl, during 20 — 30 seconds at the
temperature of ~ 700 K.

Experimental results
As the Fresnel coefficients of reflection and €*° are the complex values then after the
selection of real part of equation (3), the theoretical dependences of the ellipse parameters of

polarization A and y on the thickness and the refractive index of the thin layer deposited on
the substrate surface of dielectric or semiconductor were calculated. Such calculations were
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performed for thin layers of CdS and CdTe grown on the substrate of Si, Ge, GaAs, GaSe and

CdTe or CdS respectively.
The diagrams A — y for thin layers of CdS and CdTe grown on the substrate of GaAs (a)

and Ge (b) are presented in fig.3 and 4. The numerical indications from the graphic show the

phase variation obtained as aresult of light passage through thin layer with thickness d.
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Fig.3. The dependence of the ellipsometric parameters (A-¥) of the phase difference
(8) for submicronic CdS thin films deposited on: a— GaAs; b — Ge.
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Fig.4. The dependence of the ellipsometric parameters (A-¥) of the phase difference
(8) for submicronic CdTe thin films deposited on: a— GaAs; b — Ge.

We can easily see from these dependences that with the increasing of the incident angle
from 45° till 70° the resolution in the determination of the parameter § and the thickness is

increased.
The diagrams A — y for the layers of CdS grown on CdTe and CdTe grown on CdS

respectively are presented in fig.5 and 6.
We can see from the analyses of dependences presented in fig.3, 4 and 5, 6 that the

variation interval of the parameters A and y of the polarization ellipse is increased with the
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increasing of the refractive index of the substrate for the incident angles smaller than total
refraction angle. The diagrams A — y are periodical functions of the thickness and are
repeated approximately after 200072500 A.

If the incident angle is polarized linearly with the angle 45° with respect to the incident
plane then selecting the real part and complex from (3) we obtain the commode relations for
the determination of the refractive index n and for the wavelengths of the optical transparent
range of the layer with the condition k=0.

%

cos? 2y —sin? 2y - sin?
2(1-sin2y - cosA)?

n=|05+ (5)

360] [

Delta (degris)

2 4 10 14 18 22 26

Psi (degris)
Fig.5. The dependence of the Fig.6. The dependence of the
ellipsometric parameters (A-V) of the ellipsometric parameters (A-V) of the
phase difference (5) for submicronic phase difference (5) for submicronic
CdS thin films deposited on CdTe. CdTe thin films deposited on CdS.

The results of experimental determinations of the thickness and refractive index of the
samples CdS-CdTe are shown in the table at the wavelengths 0.8 um and 0.95 pm with the
theoretical diagrams A — y = f(8). The thicknesses of determined layers from interferential
structure of the reflected spectra indicated from the respective surface of the samples CdS-
CdTe in the range of 5007?2500 are also shown in the table. We can also see a good
correlation in the determination of the thicknesses of CdS and CdTe layers by ellipsometric
method and from the interferential structure of reflection spectra.

Table
- CdSon CdTe CdTeon CdS
' n n* d,um | d*, um n n* d,pum | d*,um
2.383 0.053 2.721 | 2.748 0.06

800 2385 | 2391 | 0.150 | 0.17+0.03] 2.720 | 2.750 | 0.18 | 0.16+0.04
2386 | 2390 | 0.800 | 0.82+0.01 ] 2.726 | 2.749 | 0.78 | 0.75+0.02

2.379 | 2.380 | 0.0%4 - 2720 | 2.743 | 0.06 -
950 2379 | 2384 | 0.150 - 2720 | 2745 | 0.20 -
2.380 | 2.383 | 0.800 - 2.723 | 2.745 | 0.79 -

n is therefractive index of layers CdS and CdTe thermally treated in the presence of CdCl,;
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d is thethickness of layer determined from interferential structure of reflective spectrain the range
0.572.5 um.
Conclusions

The dependences of the ellipsometrical parameters A and y of the phase variation were
calculated using the basic equation of ellipsometry as a result of light passage through thin
layers of CdS and CdTe by which the refractive index and the thickness of respective layers
were determined.

The thermal treatment of the samples CdS-CdTe in the presence of solution CdCl, leads
to the increasing of refractive index both of the layer CdS grown on the substrate of CdTe and
thin layer of CdTe grown on CdS. The increasing of refractive index indicates the increasing
of the homogeneity degree and crystallization of thin layers of CdS and CdTe.

A good correlation between interferential and ellipsometrical methods of determination
of the thickness of thin layers of CdS and CdTe grown on the sublayer of semiconductor was
established.
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Abstract

A novel multi-plasmon concept of a light absorption and laser gain of low-dimensional
structures are comprehensively discussed. A Generalized Semiconductor Bloch Equations are
derived with account of multi-plasmon optical transitions in direct gap quantum wells, using the
cumulant expansion method and fluctuation-dissipation theorem. We present results of computer
simulations concerning gain spectra of InggsGagesASs quantum wells with account of multi-
plasmon optical transitions in two- dimensional systems.

Multi-quantum LO-phonon-plasmon optical transitions are investigated with account of
coherent memory effects in quantum wells. It is shown that ared shift of the absorption edge can
be caused, not only by known mechanism of band gap shrinkage, but also by multi-plasmon
transitions. The electron-hole plasma properties in the active region of the laser device and its
interaction with the optical field are studied on a microscopic level using obtained Generalized
Semiconductor Bloch Equations.

The comparison with other theories and experimental data measured in IngopsGapgsAS
quantum wells is performed. The gain value g=50 cm™ in 8 nm In ogsGa 0.95AS quantum wells is
obtained at a surface density of electrons ndy=1.64 10°** cm™®.

1. Microscopic theory

The key step to understand the physical mechanisms governing semiconductor laser
devices and to develop models capable to predict accurately the relevant experimental properties,
is to investigate the potential for further progress in design of a wide variety of semiconductor
lasers and light emitting diodes. The electron-hole plasma properties in the laser device active
region and its interaction with the optical field are studied in this paper on a microscopic level.

The Coulomb interaction in the electron-hole plasma leads not only to the band gap energy
renormalization and to the enhancement of the transition matrix element [1-5], but also causes,
due to correlations, multi-plasmon optical transitions that have been investigated experimentally
and theoretically inworks [6-10]. Here we consider interband light absorption and radiation in
quantum wells in two-band approximation, with account of electron-hole pair strong coupling
with plasmons. Also, as for three-dimensional systems [6-10], we use the cumulant expansion
method and fluctuation dissipation theorem, allowing to express correlation function density -
density through a structure factor.

Generdizing the results of papers [6-10] at low-dimensional structures, we find for the
coefficient of light interband absorption in the symmetric quantum wells of width dy the
following expression:
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olo) =003 -5 o i R f be (kL)Reofei [o-0g-on-ox, ol
® NQ ;

Gain spectrum is determined by aknown relation g((o)z —oc(oo). Here 7oy = E, isthe

dtde, (1)

band gap of semiconductor e, :hkf /2m. m=mm, /(”b”rh) is the reduced electron and a
|

hole mass. f Ne and f ,\VI‘ are Fermi-Dirac distributions of e ectrons and holes. The successions of

energy subbands are labeled by the quantum numbers N=1,2,3... The constant oy looks like:
1/2
~ 25/2e2PC%m§/2 B
cnmn® 2o, ( 2m,dg
Here c is the speed of light, and n is refraction index , mg is mass, e is eectron
charge, P, is matrix element of the momentum projection on light polarization direction.
Functions C (k,) and g (t) characterize the electron and hole interaction with plasma and
lattice vibrations.
Without taking into account a Coulomb interaction, in free carrier approximation C (k) =1
and g (t) = 0 and we obtain the known result for the coefficient of interband absorption in

quantum wells as a superposition of step functions [1-5]. At low concentrations of plasma
Coulomb or Sommerfeld factor C (k) looks like [1]:

)

a

T _hzgo

ag = ©)

exp{a(k, )}
Clk, )= , gk, )= :
(k) cosh {a(k )} ( L) agk m, e®
Let's consider, that for a screened two-dimensional exciton, C (k) also looks like (3),

but g we shall calculate with account of interaction with plasma. Using screened Coulomb
interaction as perturbation, we find:

| Lt+/1-4) ok
q(kL)—gﬁj : KL _ploge Ltk g

mag Bkl —k [k2-k?  ag gk Zoki

When the screening length Ao satisfies the inequality Ao k; > 1, function ¢ (k )
(4) transfers in q(k L):;z/ aBkl (3). According to expression (4), plasma screening decreases

the influence of Coulomb electron and a hole attraction on the transition probability. As a result
of screening, near to the light absorption threshold (k, = 0), the power dependenceq~ 1/ kL (3)
isreplaced logarithmic (4). The screening length is determined by the expression:

1 2 “b e m, h
= =N GO (0 5)
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At performance of the inequality hzkf/2m koT <<1 the screening length depends on

electron and hole number, which momentum 7K, along theinterface isequal to zero.

In case of electron - hole pair weak interaction with plasma and lattice oscillations, the
main contribution to integral on time (1) is given by values t— oo, but absorption coefficient
a(w) can be represented as a superposition of Lorentzian lineshape functions. At a strong e-h

pair coupling with plasma, the limit of small t is actual, but function g(t) can be represented by
expression:

g(t):;cstz +No€°°, N, :oce[1+ ”ng N(o.0) (6)

Here the weak coupling with longitudinal optical phonons is taken into account. o IS
Frohlich coupling constant for electrons, n (oLo) is phonon number , and o is the second
moment of absorption band that looks like:

oo 2
o=2yv, fiml . %0 lan M@ gy, v =2 @
e (k,,0) 2Ky T L ggAK |

Two-dimensional Coulomb interaction VKL (7) isdynamically screened by plasma, which

oscillation frequencies are determined by zeros of the dielectric function (k) .

4Ttn62

€0 M

1/2
At high temperatures k0T> ho b :[ J , using the approximation

th @ 2KoT and asumruleoneobtains:
2k, T ho

) ) 1/3
e“knT © 5/3,_4/3 dna
G=— 2 deL(l— (80 ]=4 T RkaT{OB(me+mh)n} (8)
g m

hZSO 0 KJ_1O) 33/2h2 r

Here nis the concentration of plasma. Substituting g (t) (6) in expression (1) for the
absorption coefficient and integrating on time, we find with account of LO-phonon satellites:

o 5N lomay—on-o+jaro)?
dol= Tao 25 T b 18 il (k-3 5 N oq_raraowriaoly,
26 %o NG o ! =

20
The strong electron and hole coupling with plasmons is valid at performance of the
inequality :
2

TRy < (1w, P (Ry: € } (20

2808
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2. Results and discussion

The light gain frequency dependence in case of strong charge carrier interaction is
determined by processes of absorption and radiation of several oscillation quanta of two-
dimensional plasma and several optical phonons.
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Fig.1. Absorption coefficient a(w) frequency dependence of 10 nm GaAs quantum well at
T=300K and at different plasma concentrations 1,1- n =10"°cm?, 2,2’- n =10"cm™® and 3,3- n=10"%cm? ,
hwg=Ey+h’n?2m,dy’.

Figure.l is a plot of the absorption spectra for different plasma concentration. In the
absence of doping, the total carrier density is the same for electrons and holes. For each of two
groups the top curves 1,1 are for n =10*°cm™, the middle 2,2’ for n =10""cm™ and the bottom
3,3 for n=10"cm™. Curves 1,2,3 are the absorption spectra calculated with account of
Sommerfeld enhancement factor, 1, 2, 3 a C (ki) = 1. The attractive Coulomb interaction
between electrons and holes is responsible for the absorption increase, when compared to the
free-carrier approximation C (k) = 1, but plasma screening leads to the decrease in it. At low
plasma concentrations n = 10" — 10" cm™ the absorption coefficient o (o )=-g(o ) (9)
looks like a step. With growth of plasma concentration n, the frequency dependence is flattened,
and the absorption threshold is shifted in the long-wave region of a spectrum. These features are
represented in figurel. And at last, at n=2 10" cm™ thereisan amplification.
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Results of numerical calculation of laser amplification spectrum of 8 nm In ggsGa g5 AS
qguantum well under formula (9), using (3), (4) and (8) formulas, at a surface plasma density ndy
= 1.56, 1.60, 1.64' 10 ** cm * are shown in figure 2. Apparently from the figure, the theoretical
results and experimental data [11] shown on a parenthesizing of figure 2, are in agreement
between themselves.The gain value g =50 cm * is obtained at nd;=1.64 - 10 > cm 2, that
approximately is twice less, than in the theory [11]. The experimental value of n in paper [11] is
not given. Injection currents have been 5, 7.5, 10, 15, 20 mA [11].

50 |

810 820 830 840 850 860 870 880
Wavelength [nm]

Fig.2. Laser gain spectra designed unde formula (9) with account of transitions between two subbands
(N = 1) and functions (3), (4) and (8) at the following values of parameters. T = 300 K, m, = 0,0648 m,,
m, = 0,476 m,, Ey = 1,42 eV, o 0=35meV, 0.=0,07, £,=13,13 &,=11,1. Surface density of electrons are
1-1.56, 2-1.60, 3-1.64x10%cm? . Experimental gain spectra are measured at the following injection
currents 5, 7.5, 10, 15, 20 mA [11].

Two - dimensional plasma approach is valid for a narrow quantum well. For an arbitrary
width well one obtains:

k1 dg
47ne ? -

o )- 4 f1 e w
80mr

For «xdp < 1 formula (11) gives known result for two-dimensiona
plasmaw% =2ntnétd ok, /eom, [1-5], whereas at «,do> 1 plasma behaves as volumetric. In a
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three-dimensional case plasma oscillations are similar to longitudinal optical lattice oscillations
and multi-plasmon processes determine an equidistant thin structure of emission bands [6-10].
Thus, the multi-plasmon satellites of radiation lines, under condition of plasma oscillation
existence mz[]1 where 1 is the plasmon lifetime , may be also allowed in case of wide quantum
wells. Optical properties of wide quantum wells have been explored in papers [12-14]. Gossard
with co-authors [14] have found out, that photoexcitation spectraof wide (4000 E) GaAgAIlGa;-
xAs quantum wells in which x was incremented from zero near the interface, up to x = 0,3 in the
middle of the well, consist of a series of equidistant peaks, parted energy distance about 3 meV.
This equidistant structure has been attributed by authors of paper [14] to the parabolic shape of
the quantum well and to the equidistant electron and hole energy spectrum . In our opinion the
equidistant structure may be caused by resonant radiation of several plasmons aongside with a
photon. For the benefit of our guess quantity of plasmon energy hmp= 3 meV meets to a surface
density of electrons ndy = 10* cm given in paper [14] speaks, first. Except for that in work [14]
the magnification of distance between peaks was observed at a doping of donor silicon strata
which can be also easily explained by the multi-plasmon mechanism of radiation, namely -
magnification of energy plasmon with increasing of an electron plasma concentration.
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1. Abstract

Photoelectrochemical etching of GaN in different solutions such as KOH,
HF/H,0,/C,HsOH and oxalic acid was performed. The results of scanning electron
microscopy cathodoluminescence analysis of the etched samples are presented.

2. Introduction

GaN and related nitrides are considered promising materials for numerous applications
such as the creation of full-color display systems, data storage devices, solar-blind ultraviolet
detectors, new sensor technologies, wireless communications, solid-state lighting and high-
power microwave generation for radar, etc. Note that nitride-based light-emitting diodes and
lasers have been successfully commercialized. Further elaboration of novel device structures
on GaN and related materials depends upon the progress in growth technologies and material
processing. Considerable efforts are focused nowadays to the study of etching processes in
[11-group nitrides, most processing being currently done by dry plasma etching. High etching
rates are observed under high-density plasma conditions. There are however, important
disadvantages to dry etching, including the generation of processing-induced damage and
difficulties in obtaining smooth etched sidewalls, which are required for high-performance
nitride-based laser diodes and other devices. Increasing attention is being paid therefore to
wet etching of I11-group nitrides.

Many research groups proposed different acids and bases for GaN wet etching using Hg
arc lamp or HeCd laser as UV light sources. There are two mechanisms during interaction of
GaN surface with solution, one of them is direct chemical reaction between dislocations and
solution, the other one is gallium oxide formation on GaN surface during UV expose and its
subsequent dissolution. The first mechanism seems to be highly dependent upon solution
concentration and crystal orientation [1], when for the second mechanism the etch rate is
dependent on the kinetics of the solution. Adjusting the UV power, it is possible to control the
share of each mechanism in the etch rate and, as aresult, to define the final morphology.

3. Experiment
3.1. PEC etching in KOH solution

During PEC etching using KOH as etchant solution, we use epilayers of GaN grown by
low-pressure MOCVD on sapphire using trimethylgallium and ammonia as source materials.
A buffer layer of about 25-nm thick GaN wasfirst grown at 510°C, while the top n-GaN layer
with 1.3-2.0 um thickness was grown at 1100°C. The concentration of free electrons in the
top n-GaN layer was 1.7x10"cm™,
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Ti/Al/Ti/Au ohmic contacts with the thickness 300/900/500/1500 A respectively were
deposited by e-beam evaporation followed by rapid thermal annealing ( RTA ) process at
800°C for 30 seconds in nitrogen atmosphere.

The photoelectrochemical etching of samples was carried out in 0.05 M agqueous
solution of KOH under in situ UV illumination provided by focusing the radiation of 50-
200W Hg or Xe lamps on the GaN surface exposed to electrolyte. In experiments using Hg
lamp the current between the sample and Pt electrode decreased from 4 to 0.1 mA in 10
minutes and did not depend on radiation power density, while under Xe lamp excitation the
current was directly proportional to the radiation power density and was amost constant
during the process. The difference between these two UV sources comes from different kinds
of spectral characteristics and as aresult different morphologies were obtained (Fig.1).

Fig.1. Samples etched for 10 minin 0.05M KOH at 100W using Hg (a) and Xe (b) lamps.

Note that the etching process using Xe lamp gives more uniform morphology near the
ohmic contact and in the middle of the sample than that based on use of the Hg lamp. The |-V
characteristics taken from resistive samples after PEC etching show a nonlinear behavior.

Fig. 2 shows the CL spectra of
columnar and bulk GaN at 80 K.
Both spectra consist of near-band-
edge peaks, CL band at 3.28 eV
related to non-equilibrium carrier
recombination via donor acceptor
pairs (DAP), phonon replicas of
DAP-related band, and a broad band
with the maximum at 2.15 eV (the so-
called “yellow” luminescence). One
can see that porosity induces an
upward frequency shift of the near- porous L
band-edge peak. Apart from that, it P
results in a sharp diminution of the Fig. 2. CL spectra of bulk and
intensity of  yellow emission. nanostructured GaN at T = 80 K.
Monochromatic CL images taken
from the same areas of the samples exhibited an anti-correlation in the spatial distribution of
near-band-edge and yellow CL (Fig. 3). During irradiation exposure, attenuation of near-

CL Intensity (arb. units)
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band-edge and visible CL by the electron beam was evidenced, the effect being more
pronounced for the UV emission.

Fig. 3. UV (left) and yellow (right) monochromatic CL images taken from PEC etched
GaN at T = 80 K. Theimage width equals 40 um.

3.2. PEC etchingin HF /H,0,/C,Hs0OH solution

Porous Si can be generated using Pt-assisted electroless etching in ethanol:HF:H,0,
(2:1:1) [2]. In this process, a thin discontinuous layer of Pt (d < 8 nm thickness) is patterned
onto the surface. This approach has been used for porous GaN obtaining.

On n+n GaN layers (S as dopant) with the thickness of 2 and 1 um respectively with
carrier concentrations of 5x10® and 2x10Y cm® Pt idands were patterned using
electrochemical deposition based on short impulses
(0.1 ps duration, 1 us period and 10V amplitude)
applied during 20 seconds as a result uniform
island morphology was achieved, see Fig.4.

Catalytic reduction of H,O, at the Pt idlands
combined with UV illumination injects holes into
the valence band, as a result local polarization is
reached which initiates local etching, developing
with timein a porous structure.

After precleaning procedure, the samples
were dipped in a stirred solution  of
HF/H2O,/C,HsOH  at room  temperature and  Fig.4. Pt islands on GaN surface.
subjected to UV illumination from a 200W Xe lamp.
No current was observed in dark so there was no chemical decomposition in HF solution.
When the light is switched on, then a current of about 50 uA emerges, which dropsto 10 pA
after 30 minutes, at the same time, when the light is switched, the current increases up to 30
pA and then diminishes up to zero in about 10 minutes.

The fabricated porous structures were then cleaved and cross-sectional images were
taken by SEM. Fig.5 shows a porous layer with the thickness of 0.8 um exhibiting pores
stretching perpendicularly to the initial surface.
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Fig.5. SEM image of porous GaN

3.3. PEC etching in oxalic acid

Oxalic acid (H2C,04x2H,0) can be used for GaN defect characterization [6]. Etchingin
this solution under UV illumination resulted in a porous structure of GaN. For the electrolyte
preparation, 5 grams of oxalic acid were dissolved in 300 ml of water. Potential of 10 V was
applied between the sample and Pt electrode. At room temperature and UV expose, the initial
current of 120 pA increased up to 250 pA after 5 minutes and reached the value of 550 pA in
7 minutes. Intensive hydrogen bubbles were observed on GaN surface during the experiment.

Fig.6. SEM images taken from GaN surface etched in oxalic acid,
top view (a) and cross-sectional view (b)
4. Conclusion
PEC etching in KOH solution under UV Xe-lamp illumination of GaN results in smooth

morphology, while columnar structures are obtained at relatively low power UV irradiation
from Hg lamp when etching occurs in the same solution.
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Uniform porous layers with high density of pores were obtained in HF/H,O,/ C,HsOH
solution under UV irradiation.
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TO THE 50" ANNIVERSARY
OF ACADEMICIAN VALERIU KANTSER
PROFESSOR, DOCTOR HABILITY IN PHYSICSAND MATHEMATICS,
MOLDOVA STATE PRIZE LAUREATE

V.Kantser was born in 1955. In 1977 he has graduated with honours from the State
University of Moldova and has begun his working activities as an engineer in the IAP of the
ASM immediately after graduating. In 1977-1980 he is a post-graduate student of the
"P.N.Lebedev" Physical Institute (Moscow, Russia). Since 1980 V.Kantser is a doctor, and
since 1990 - doctor hability in physics and mathematics. In 1995 he was elected Associate
Member of the ASM and in 2000 - Full member of the ASM. After post-graduate studentship
and defence of thesis of doctor until now V.Kantser develops his basic activities in the frames
of the IAP ASM. At the beginning he is an inferior research scientist (1981-1983), then a
superior research scientist (1983-1989), from 1989 to 1991 - a coordinating research scientist,
and since 1991 V.Kantser is a general research scientist. Since 1992 he is Head of |aboratory
of low temperature physics and Deputy director of ILSSE IAP, and from 1997 to 2000 he is
Deputy director of the IAP. Since 2000 V.Kantser is Head of Division of Physical and
Engineering Sciences of ASM and Director of the International Laboratory of
Superconductivity and Solid State Electronics. Since 1988 he works pluraistically at the State
University of Moldova, where since 1998 heis a University professor.

Scientific direction developed by V.Kantser contains identification, investigation and
development of methods for characterization of physical processes and phenomenain electron
systems with many groups of quasiparticles, anisotropy and nonparabolicity of spectrum,
electron instability and other peculiarities. These properties are characteristic of semimetals,
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narrow band semiconductors, high temperature superconductors (HTS) and quantum
structures on their basis.

Acad.V.Kantser is known in scientific community of the country and abroad as a
researcher of high professional bearing in the field of physics and solid state electronics. Aria
of hisinvestigations constituted for a period of more than two decades of scientific activities
is extended by both range of abordate physical effects and phenomena (electron phase
transitions, electron structure and quasiparticles, phenomena of transport and tunnelling,
effects of quantification and interface, etc.) and range of studied materials and systems of
solid state: semiconductors, semimetals and superconductors, including quantum structures of
reduced dimensionality based on them.

High skill, wide horizon of knowledge and self-abnegation in theoretica and
experimental researches have given him a possibility to obtain valuable scientific results in
the field of solid state physics and electronics. Generalization of variational methods of
investigation of electron anisotropic transport phenomena allowed him to explain and
describe in the frames of united concept galvano- and thermomagnetic properties of
semimetals and narrow band semiconductors, to identify new peculiarities of electron
transport in anisotropic systems, which were experimentally confirmed later. Results of these
investigations were published in series of works, cited widely in scientific literature and
generalized in monograph "Transport phenomenain bismuth and its alloys".

In cycle of the theoretical studies of cooperative properties of the system of electrons
and holes in semimetals and narrow band semiconductors V.Kantser has predicted and
investigated a new magnetic phase - orbital ferromagnetism, he has proposed first
microscopic model of extrinsic electron ferroelectrics. For description of interconnected
electron phase transitions Landau functiona with three order parameters was proposed, which
later was used for description of different systems with many types of ordering. In 1982 this
cycle of works was mentioned with Prize of Youth of Moldova in the field of science and
technique.

On the basis of systematic analysis of nature of valence bonds and of crystalline
structure there was proposed an idea of common genesis by Peierls electron instability of
electron spectrum of semimetals of bismuth type and its more complex isoelectron analogues,
and there was developed theory of electron structure of compounds A’B°CS and multiple

alloys on their basis. In its frames for the first time there was identified the effect of electron
spectrum inversion for solid solutions of materials with different symmetry, and there was
found a new group of semiconductor aloys with band inversion through zero gap state. A
new effect - double inversion of band spectrum in anisotropic materials was predicted. Later a
whole series of the obtained theoretical results was experimentally confirmed, including some
experimental researches carried out by acad. V.Kantser. These results were widely published
and remarked by specialists in the field, they were generalized in correlation with data of
experimental investigations in monograph "Ternary narrow band semiconductors A°B°C and

their solid solutions'. In 1992 these results have been appreciated by the Prize of the ASM.
Investigations concerning physical processes and effects in quantum structures
(heterojunctions, quantum wells, superlattices, constrictions and mesoscopic microstructures)
formed on the basis of semiconductors and semimetals are of special importance. In this
major aria of research there was developed a new direction in physics of quantum solid state
structures concerning effects and peculiarities appearing at quantification, tunnelling,
transport of quasiparticles with anisotropic characteristics, nonparabolicity and spectrum
inversion, spatial variation of nonpotential parameters characterizing structure, resonance
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states of impurities, spintronics effects. Thus, a new mechanism of appearance of electron
systems with reduced dimensionality conditioned by generation of interface states was
identified. There were found many variants of genesis of these states, including by kinetic
potentials conditioned by spatial variation and anisotropy of the effective mass, by appearance
of piezopolarization fields. It was established that in quantum wells and superlattices in
function of geometric factors and structure parameters there appear effects of inversion of
interface electron bands, it was shown that characteristics of these states generated by
anisotropy, vectorial fields are essentially modified in function of crystallographic orientation
of the structure. There were identified effects of anisotropic tunnelling, kinetic delay,
resonance tunnelling by interface states, strong interaction of the latter with impurity
resonance states. It was shown that these found electronic properties lead to appearance of
new effects. interface magnetism, magnetoelectric and photovoltaic effects, new effects of
interaction with magnetic and electric fields. This range of results opens new possibilities in
physics and engineering of quantum solid state structures, on their basis new principles of
design of electron quantum devices are elaborated. Advanced degree of these studies is
confirmed in particular by winning of rigid competition of INTAS projectsin 1997 and 2001,
in its frames new aspects of thermoelectricity based on physics of the mentioned low
dimensional structures were developed. In 2004 these results were mentioned with the
National Award of the Republic of Moldova.

Together with discovery of high temperature superconductivity (HTS) in the IAP there
was initiated and developed a number of researches in this field coordinated by acad.
V.Kantser. During 1987-1992 these researches were carried out within the framework of the
Program projects of the former Soviet Union. V.Kantser directly participated in elaboration of
technology for magnetron deposition of HTS this layers, in which the effects of mixed phase
and dimensional effects are studied. In HTS ceramics based on bismuth there was studied the
influence of magnetic and other impurities on critical parameters, thermoelectric and other
electrophysical properties. In the context of fundamental investigations of HTS theoretical
investigations concerning processes and effects conditioned by coupling of d type in quantum
structures with HTS are of special interest. In the context of these studies it was shown that
anisotropic and specific nature of the order parameter of d type realized in HTS leads to
appearance of a number of new phenomena non-characteristic of classical superconductors:
interface states of quasiparticles, genesis of new ordering and instabilities at the interface and
on the surface of HTS, tunnelling by states and interface, effect of quasiparticle spectrum
splitting under action of exchange fields, magnetic fields.

An important direction of researches in the laboratory conducted by V.Kantser is
physics of defects of semiconductors of group A*B® and structures on their basis. There was
elaborated a technology for obtaining of intrinsic and doped semiconductors PbTe and their
derivatives, there were developed severa epitaxial methods for obtaining of thin layered
structures, including molecular beam epitaxy. Study of photoel ectric properties of materials of
PbTe type doped with indium and gallium has shown that due to nonspecific character of
impurities they show increased photosensibility and may be related even to isolation state. It
was demonstrated that specific peculiarities and sensitivity of carriers due to different factors
lead to flexible character of the impurity states. There was realized a number of structures and
sensible elements in infrared with parameters exceeding those of existing prototypes, and
these researches served as a basis for elaboration of new infrared photodetectors in the frames
of some technical-applied projects.

High level of the carried out researches is attested through inclusion of the collective of
researchers conducted by V.Kantser in different programs of international collaboration with
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INTAS, MRDA, BMBF, etc. with partners from England, France, Germany, Israel, Ukraine,
etc. A number of activities of V.Kantser deal with materialization of research results in
devices and products. Among them the following may be mentioned: new technological and
constructive solutions of medium and far infrared phototransducers; different variants of
pressure, temperature and presence detectors; methods and devices for cooling -
thermoelectric microrefrigerators and Joule-Thompson planar refrigerators, thin layer
technologies and readlization on their basis of electron hybrid devices; devices SQUID based
on HTS. A part of technologies and electronic devicesis realized up to the level of prototype
and specifications. Severa products were assimilated and put in production at the factory
«Topaz» from Chisinau, an electron device for electroenergetics is under assimilation.

Acad.V.Kantser has published more than 300 scientific works, including 6 monographs,
he has 12 patents, he participated many times at international conferences presenting original
communications and invited reports. V.Kantser is a reviewer in different internationa
journals, he is a member of the Program committee of some conferences, is an independent
expert of international programs INTAS and Copernicus. He is a member of the International
Academy of Thermoelectricity, Associate member of Romanian-American Academy of art
and science, member of Scientific Council of the JINR, Dubna, Russia. All this certifies high
degree of the carried out investigations and international recognition. Intense research
activities of acad. V.Kantser briefly mentioned above, are strongly connected to training of
young researchers. Four young researchers of the laboratory for already several years work in
centers abroad. Under supervision of V.Kantser 6 theses of doctor, 2 theses of doctor hability
were defended, and 4 theses of doctor are ready for defending, 3 young persons are post-
graduate students of the ILSSE. During the whole period of his activities in the 1AP
V.Kantser was implied in university training in educationa institutions. First in the
Pedagogical Institute of Tiraspol, then at the Technical University of Moldova, and during
more than 15 last years - at the State University of Moldova (SUM). At present at the SUM he
pluralistically is engaged as university professor with three courses. V.Kantser has published
two books for students and post-graduates. "Solid State Physics' (1992) and "Introduction
into superconductivity" (1999). He was invited with courses of lectures to different
Universities of Romania, to the International Center of Theoretical Physics of Triste (Italy),
Warwick University (England), Augsburg University (Germany).

Acad. V.Kantser combines successfully wide activities of scientific research and
scientific-organizing and public work. He is director of the Center ILSSE IAP and solves
many problems of maintaining of researches, extending collaboration of the ILSSE with other
institutions from Moldova and abroad, promoting new forms of organization of research. He
coordinates activities of the ILSSE for realization of projects of the republican programs and
anumber of contracts, including those with scientific institutions from Romania.

Being academician coordinator of the Division of Physics and Engineering of the
ASM and due to his active position V.Kantser is engaged in different actions on the level of
the ASM and on the national level. V.Kantser is the president of the Society of Physicists of
Moldova, president of the Republican consultative council of experts of the Ministry of
Education and Science, he is member of Council of experts in physics in the frames of the
Supreme Attestation Committee, member of Specialized Councils "Theoretical physics' and
"Solid state physics'. V.Kantser is editor-in-chief of the "Moldavian Journal of the Physical
Sciences', member of the editorial board of the international journal "The Annals. Metallurgy
and Material Science’, of the republican journals "Physics and Modern Technologies' and
"Intelectus’. He actively participated in elaboration of different documents, programs,
legislative and normative statements concerning scientific activities, reforms in the sphere of
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research and education. Acad. V.Kantser has represented the Academy of Sciences at some
International meetings concerning aspects of development of international collaboration.
During the whole period of his scientific activities he participated in organization of different
conferences, seminars and scientific meetings. He is the head of the republican physical
seminar.

V.Kantser carries merited authority with physicists of Moldova. He has celebrated his
fiftieth anniversary in the prime of his creative power. His is full of energy and plans for
development of physical-technical science in the Republic. We wish him success. La mult
ani!

Society of Physicists of Moldova,
Editorial Board of the "Moldavian Journal of the Physical Sciences"

134



