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1. INTRODUCTION
1.1. Motivation

cr *-doped 1I-VI semiconductors are of great interest and recently intensively studied
because of their promising application for the mid-infrared easily-tuned laser sources. Such
lasers can be applied in the construction of the detectors, being widely applied in the various
branches of the economy. The coal-mining, security and environmental protection industries
could undoubtedly benefit from the sensors, capable to determine explosive and
environmental-polluting and substances. As the biological tissue has an absorption maximum
at about 2.9 pum, tuneable coherent mid-infrared sources could be indispensable for the
medical applications, such as surgery, ophthalmology and dermatology [1].

Furthermore, it was shown that in the case of the ZnS, ZnSe, CdSe crystals, doped
with chromium ions, one can reach high slope efficiency between 2 and 3 um. This spectral
range is characterized with a lack of easily-used laser diodes [2].

The mentioned above applications resulted in the intensive investigations of the broad
photoluminescence band centred at about 2.4 um, peculiar to the Cr**-doped II-VI
semiconductors and the theoretical treatment of the studied spectra. Generally, all observation
were interpreted in the terms of the crystal field theory, extended to account the influence of
various ligands (S, Se and Te) and including Jahn-Teller instability of the °T> and °E terms
[3,4]. The previously performed experiments can be quantitatively described by the use of the
effective parameters in the assumed interaction spin Hamiltonian.

Subsequently, it turned out, that numerous studies of free C** ion energy levels in
II-VI compounds revealed noticeable disagreement between the calculated and the
experimental energy terms [4-8]. Furthermore, some parameters, obtained from the fit to the
experimental spectra do not determine ambiguously the shape of the spectroscopic line.
Moreover, they are not critically dependent on the band spectral position.

Consideration of the Trees correction, the spin polarization due to the Coulomb
exchange energy in the partly filled 3d electronic shell [9,10], and the covalence effects
[11,12] have improved the general agreement between theory and experiment, however,
details of the crystal field terms structure are still not clear. Generally, the agreement between
calculations and observations for the neighbouring configurations & of the V** ion and &’ of

the Mn** ion is remarkably better than for the d* configuration of Cr**.
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As far as there are some doubts remained, concerning the theoretical interpretation
being in accord with experimental observations, there is a need to obtain an explanation,
which includes the pressure dependence of luminescence structure.

High-pressure photoluminescence measurements, envisaged in the solution of the
described above problems. Being carried out in the diamond anvil cell (DAC), the
experiments presuppose by-turn focusing of the laser beam alternately on the studied sample
and on the optical pressure sensor (tiny ruby balls). As the emitting ranges of the studied
samples and the sensor do not coincide, the use of two different detecting systems is needed,
which in-turn complicates the aligning process of the optical setup. Manufacture and
calibration of new pressure sensor, being “tuneable”, more sensitive than ruby and operable in
the mid-infrared spectral range is a challenge, which would significantly facilitate the

realization of a wide group of high-pressure measurements.
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1.2. Brief Thesis review

Chapter 1 “Introduction” presents the unsolved problems in the knowledge system
about the optical properties of Cr**-doped II-VI semiconductors, which would be critical in
the construction of the optoelectronic devices, being widely applied in the various branches of
the economy. These problems motivated the author for the investigations, which, in turn, led
to another substantial task: to calibrate a new, easily-manufactured and sufficiently sensitive
pressure sensor for diamond anvil cell (DAC), which would be operable in the mid-infrared
spectral range. The research motivations, following from the state-of-art challenges along
with Theses review are briefly described in the “Introduction”.

Chapter 2 “Fundamentals” covers the theoretical and empirical principles, necessary
for the realization of the Thesis main tasks. As the knowledge of the origin of physical
problems allows understanding their present-day challenges, a very brief historical sketch
forestalls every subchapter.

Section 2.1 introduces to the adiabatic approximation as the basic principles for the
vibronic interaction notion and subsequent formulation of the Jahn-Teller theorem.
Pseudodegeneracy effect and electronic rearrangement phenomenon were qualitatively
illustrated as two other cases of the adiabatic potential behaviour due to vibronic interactions.
The shape of the adiabatic potential, commonly mentioned in the literature as “Mexican hat”,
was analyzed.

Section 2.2 reviews the ideas of the ligand field theory, illustrated by the example of
Cr** ion, embedded in the tetrahedral field. The classification of the ligand field strength was
introduced as its comparison with the spin-orbit coupling and correlation effects. Correlation
diagrams illustrated the transition from weak to stronger ligand field, whereas Tanabe-Sugano
diagrams were introduced as a convenient tool to interpret real optical spectra.

The energy structure of the Cr** ion was illustrated using the crystal field theory
approach, with due regard to the spin-orbit coupling and Jahn-Teller distortion of both °T, and
°E terms. The quantum mechanics ideas were assumed as basis to obtain the relation between
the spin-orbit coupling intensity of S, Se and Te ligand atoms.

The literature data on absorption and photoluminescent properties of Cr**-doped ZnX
(X=S, Se, Te) crystals were reviewed. The explained nature of the PL spectra was analyzed to
be taken into consideration for the further interpretation of the high-pressure studies of the

appropriate samples.
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Chapter 3 “High pressure research” is devoted to the study facilities and technical
peculiarities, connected with the investigations of the solid state samples under high
hydrostatic pressure.

Section 3.1 expands the theoretical inferences, concerning bandgap increase of the
semiconductor crystals as well as energy level behaviour in the quantum wells under high
pressure conditions.

Section 3.2 describes the diamond anvil cell (DAC) construction and principles of its
operation.

Section 3.3 contains special technological peculiarities, which have been invented
during the numerous high-pressure measurements and formulated as the generalized author’s
experience of the operation with the DAC. These methods are believed to be of especial profit
for the newcomers in the high-pressure measurements.

Section 3.4 describes the features of the ideal pressure sensor and reviews the
comparing characteristics of the pressure gauges, which were recently widely used. The
experimental problems, led to the necessity to calibrate a new pressure sensor were
formulated, and the first attempts to realize this idea were analyzed.

Chapter 4 “The aims of the research’ specifies the main goals of the Thesis.

Chapter S “Samples” contains the growth parameters and detailed characterization of
the studied samples.

Chapter 6 “Experimental results and discussions” describes the main outcomes of
the Dissertation research.

Section 6.1 contains the results of the preliminary ambient-pressure absorption and
photoluminescence (PL) measurements of the ZnX (X=S, Se, Te) crystals and InP-based
multi quantum wells (MQWs).

Section 6.2 is devoted to the high pressure low-temperature studies of the PL band
centered at ~0.6 eV, due to 5E—>5T2 transition of C** ions imbedded into 7ZnS, ZnSe and
ZnTe crystal lattices. The changes of the PL band shape with pressure growth were explained
in terms of Jahn-Teller effect and spin-orbit coupling, which intensity was found to increase
with the ligand atomic number. The admixture of Te ligand wave functions into the Cr**
central wave functions were found to be responsible for the significant difference of the
ambient-pressure and high-pressre ZnTe:Cr** PL bands in comparison with those, obtained

for Cr**-doped Zn$S and ZnSe samples. It was also unambiguously confirmed, that the nature
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of 1.25 eV PL band, observed in ZnSe:Cr** crystals was associated with 3 T1—>5 T, transitions
of Cr** ion.

Section 6.3 concludes the results of high-pressure studies of Cr2+—d0ped ZnX
(X=S, Se, Te) crystals.

Section 6.4 is devoted to the detailed ambient-pressure investigations of three
InP-based MQWs: InAsP/InGaP, InAsP/InGaAsP and InAsP/InP.

First, on basis of ambient-pressure PL peak position, using the Vegard’s low extension
and the empirical formula proposed by M. Wada et al., the composition of InAs mole fraction
was determined for each sample.

Second, ambient-pressure PL peak position of all the samples was found to change
with temperature according to the dependency, proposed by K.P.O’Donnel and X.Chen, and
exciton-phonon coupling model was found to be corresponding to the PL line width
extension. The best operable temperature range for the possible pressure sensors was found to
be (0-100) K.

Third, the ambient pressure PL was studied as a function of excitation power with the
corresponding laser power density values (0.72—-14.4) mW/cm?. The investigation confirms,
that non-radiative mechanisms in all the MQW samples are negligible, thus, they are good
candidates for the pressure gauge for DAC.

Section 6.5 describes in detail the calibration process of new pressure sensors, which
was aimed to obtain an explicit form of the calibration curve, valid for every InAsP-based
MQW as a potential high-pressure guage. This process performed via the laborious high-
pressure PL study of each MQW sample and stage-by-stage fitting processes, which were
succeeded in developing of a calibration curve, common for all the samples in the whole
temperature range (10-100) K.

It has been shown, that the use of the obtained calibration curve provide for very small
(2.3%) relative error, whereas the sensitivity of the new-calibrated pressure gauges are 2-3
times higher than that of widely-used ruby pressure sensor.

Section 6.6 concludes the results of the MQWs research and the calibration process of
new high pressure gauge for DAC.

Chapter 7 “Summary’’ resumes the main achievements of the Thesis.

Chapter 8 ‘““References” contains the literature sources, which were referred in the

Thesis.
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2.1.1. The adiabatic approximation

The physical properties of the molecular systems are determined by the motion and
interactions of the nuclei and electrons. In the early thirties of the 20" century, just after the
discovery of quantum mechanics, there were established the laws, governing such interactions
and motions. But because of the mathematical difficulties in the description of quantum-
mechanical systems, the treatment of the molecular structure could be carried out only with
some simplifications. The most important of them was, adiabatic (or, so-called, Born-
Oppenheimer) approximation [13,14].

The basic assumption was the following. Since a nuclear mass is about 2000 times
greater than that of an electron, one can assume that every fixed position of the nuclei
corresponds to a stationary electronic state. This assumption can allow us to solve the
problem in two stages:

1. “To fix” the nuclei and to solve the electronic part of the problem.
2. To use the mean electronic energy (the adiabatic potential) for solution of the problem
about the nuclei motions.

One has to notice, that a real solid state material can be represented by the assemblage
of crystal cells with optical centers (dopant ions), embedded in a crystal lattice. Actually, the
closest environment of the dopant ion consists of ligand ions, which are not static in the
lattice, but have multitude of vibrating modes. At the same time one can limit the attention
just to one representative vibrating mode, so-called “breathing mode”, in which ligand ions
pulsate radially “in and out” towards the central ion. This simple approximation turns out to
be very important, as it makes possible to use only one nuclear coordinate, so-called
“configurational coordinate” Q, which corresponds to the distance between the central ion
and the ligand in the crystal [15]. This assumption will be used in the following rigorous
approach of the solution of the Schrédinger equation.

First of all, one can write the total Hamiltonian of the atomic system as the sum of
three components:

H=H +H,+V(r0), 2.1)

where:
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— H, is the electronic component including in the kinetic energy of the electrons and the
interelectronic electrostatic interaction;

h2

24,

— V(r,Q) is the energy due to interaction of the electrons with the nuclei and

— Hp s the kinetic energy of the nuclei: H, = —z

AQ, ;

internuclear repulsion (r and Q denote the whole set of coordinates of the electrons r;,

i=1,2,...,n,and nuclei Q,, a =1, 2, ..., N, respectively).

The operator V(r,Q) can be expanded to a series of small displacements of the nuclei

around the equilibrium point Q, = Q, =0, which is chosen as a point of origin. In this case

one can obtain:

0 1 0’
V(r,Q) :V(r,0)+z(£j Q, +5£(ﬁ} 0,0, +... (2.2)
o 0 a,p o B/

The first term of this expansion can be regarded as the potential energy of the electrons in the

field of fixed nuclei. Then, one can solve the electronic part of the Schrodinger equation:

[H, +V(r,Q)—e,;] @, (r)=0 (2.3)

and obtain a set of energies £, and wave functions ¢(r) for the given nuclear configuration
corresponding to the point Q, .

But if the nuclei are displaced in the system, these solutions will vary. In order to
obtain these changes, one has to solve the full Schrodinger equation:

(H-E)¥(r,0)=0, (2.4)

where the total function W (r, Q) can be expressed in terms of electronic functions ¢(r):

Y(r,0) =Y 1. (Q)p,(r) (2.5)

Here the expansion coefficients y,(Q) are the functions of the nuclear coordinates.

Substituting (2.5) into (2.4), and making some transformations [16], one can obtain the

following system of coupled equations for the functions y, (Q):

[H,+e,@-Elr @+ W, (©)1,(@)=0. 2.6)

m#k

Here W, ,, (Q) denotes the electronic matrix element of vibronic interactions, i.e., the part of

the electron-nuclear interaction V(r,Q), which depends on Q:
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oV 1 %
= - =Y — = 2.7
W(r,Q)=V(r,Q)-V(r,0) 2 (3Qa jOQa + > a,ﬁ(aQaaQﬁ ]OQaQﬁ + (2.7)
and €, (0):
Q) =¢€+W,_ (0 (2.8)

is the potential energy of the nuclei in the average field of the electrons in the state @y(7).

From the coupled system of equations (2.6) it is clear, that if vibronic mixing of different
electronic states can be ignored (Wy,,(Q) = 0 for k#m), the coupling in this system vanishes

and the system of equations decomposes into a set of simple equations:

[ty +e@-Elr.@=0. (2.9)
Each of these equations, for given k, represents the Schrodinger equation for the nuclei
moving in the average field of the electrons in the state ¢i(r). In other words, in this case the
motions of the nuclei and electrons are separated and the problem can be solved in two
following stages:
1. The electronic states gi(r) are determined as solutions of equation (2.3) and by means
of the equation (2.8) the nuclei potential energy &x(Q) in these states is calculated.

2. Knowing the energy of nuclei &(Q), the wave functions ¥, (Q) and energy levels of
the nuclei are determined by equation (2.9). In this connection the total wave function
is:

Y(r,0)=¢.(r,0) 1. (Q), (2.10)
where ¢@i(r) are the electronic functions for the static state, and y,(Q) are the

vibrational wave functions in respect on the motions of the ions.

These are the main points of the simple adiabatic approximation.

Thus, it is clear, that the main requirement for the adiabatic approximation to be valid
is to ignore the vibronic mixing of different electronic states in the equation (2.6). Meanwhile,
it can be shown [17], that the perturbation of the total wave function by vibronic interactions

is sufficiently small, when

ho<<le, -], (2.11)
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where: /iw is the energy of vibration quantum in the electronic state, taken into

consideration; 8;” and 8,; are the mentioned above electron energy levels. Therefore, the

inequation (2.11) can be considered as the criterion of the adiabatic approximation.

It was also shown, [18] that the solution of the Schrodinger equation (2.9) of one-
coordinate dynamic center with eigenfunctions (2.10) leads to the potential energy curves, for
the ground and excited states as it is shown in the Fig. 1. The represented dependencies are

called a configurational coordinate diagram.

E
Excited State
EE.S.
I
E | _
e Qo Qo Q

Fig. 1. The configurational coordinate diagram for an ion, embedded in the crystal lattice,
oscillating as a breathing mode (after [15]). The broken curves are parabolas within
the harmonic oscillator approximation. The horizontal full lines are phonon states.

The solid curves here stay for the interionic interaction potential energy, whereas the

horizontal lines represent the set of permitted phonon states. It is remarkable, that the
equilibrium position coordinates of the ground and excited states do not coincide: Q, # Q; .

Besides, at the distances, which are close to the equilibrium coordinates, the interionic
potential curves e=f(Q) approach parabolic dependence due to harmonic oscillator
approximation. This correlation can be shown rigorously.

It turns out, that one can choose the coordinates Q, in such a way, that along with the

additive dependence of the kinetic energy on the d°Q./dr’, the potential energy &(Q,) would
also depend on the Q] additively [16]. These coordinates are called the normal ones. If a
molecule has N atoms, then the number of vibrational degrees of freedom equals 3N-6 or
3N-5 (for linear molecules). Then, the normal coordinates equation (2.9)

separates into 3N-6 (or 3N-5) equations of harmonic oscillators [19,20]:
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2.1.2. The adiabatic potential and the Jahn-Teller theorem

2 aZ
_ 2;"/[ agﬁa +%w§Q§I% =E, %, a=12,.,3N-6, (2.12)

where: M, is the reduced mass of the ath normal vibration, and ®, is its frequency. It is

known, that E, in this case can take the following values [17]:
1
E, = ha)a(na +§j, n,=1, 2, ... (2.13)

It means that oscillator levels are changed only by the integer values, divisible by 7@ . On the

other side, w, is the eigenfrequency of the harmonic oscillations of the system with the
. . 1 . .
potential energy, which has such a form: EM L,W.Q2, i.e. it appears as the solution of the

differential equation of such a form:

d’Q,
dr’

+w.Q,=0 (2.14)

Therefore, in order to find the frequencies of small oscillations of the multi-atom
(multi-ion) system in the absence of electronic degeneracy, one has to solve the mechanical
problem of the natural oscillations of the nuclei system with the potential interaction energy

&(Q,), which can be approximated by a parabolic dependence.

2.1.2. The adiabatic potential and the Jahn-Teller theorem

In the same thirties of the 20™ century, there were observed the most striking
deviations from the adiabatic approximation. In 1934 L.D. Landau in a discussion with
E. Teller [21] for the first time formulated the idea of instability and spontaneous distortion of
the nuclear configuration in a molecule with an orbital electronic degeneration (term formed
by two or more orbital states with the same energy). Later this idea was verified by Jahn and
Teller for all non-linear molecular systems, and was published in 1937 [22], being called in
the literature the Jahn-Teller (J.-T.) theorem.

Before the theorem to be rigorously formulated, one should imagine that in the
presence of Jahn-Teller effect electrons do not follow the motion of the nuclei adiabatically.
And the nuclear states are determined not only by the average electric field of the electrons,

but also by the details of the electronic structure and its changes under nuclear displacements.

10
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The resulting complicated binding between the electronic and nuclear motions is the first
essential deviation from the adiabatic approximation. From the theoretical point of view, the
stationary electronic states are obtained as solutions of the Schrédinger equation for the fixed
nuclei. But taking into account in the Hamiltonian the terms of so-called vibronic interactions
(interaction of electrons with nuclear displacements), one can conclude about the mixing of
the electronic states. This mixing is the starting point in the analysis of the properties of the
molecular compounds.

The electronic part of the Schrodinger equation (2.3) contains the functionég](Q),
which is the mean kinetic energy of the electrons at fixed nuclei positions plus interaction
energy between nuclei. This term has a meaning of nuclei potential energy and is called
adiabatic potential. If there is no electron degeneration, this function usually has one absolute
minimum, which corresponds to the stable nuclei configuration: 9, = QY. As it was shown in
the previous section, near this minimum the function approximates rather well to the
quadratic dependence onQ,, .

Meanwhile, if the electron degeneration is present, the adiabatic potential will be
illustrated by the configurational coordinate diagram, different from that presented in Fig.1.
The way to study the form of the adiabatic potential can be the following. One can assume,

that while solving the electronic equation (2.3) for some symmetric nuclei configuration,
described by the point Qg (a=1, 2, ..., N), there obtained two coinciding values of the
adiabatic potentials are obtained: £ (Qp) = £,(Q) . These values correspond to two electronic

functions | and W,. In order to study the behaviour of the adiabatic potentials near the point

Q) , one can expand the interaction energy between the nuclei and the electrons V(g, Q,) into

a series with a little displacements near the Q" point:

V(r, Q,)=VI(r, Q2)+Z(%}j (Qa—Q2)+%Z(§Q‘Zj (Qa—Q2)2+... (2.15)

If the nuclei are immovable, one can consider only the first term V (r, Qg) in the

series (2.15) for the solution of the electron equation (2.3). Meantime, if the nuclei
displacements are present, one can consider the influence of the further terms as a small

perturbation.

It is clear, that if the adiabatic potential has a minimum in the Qg point, the derivative

11
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(%] =0 and &(Q,)does not contain the linear displacement terms Q, —Qg. This is
a /0

possible, when all matrix elements of the linear terms of the expansion (2.15), expressed with
the wave functions ¥ and ¥, are equal to 0. To put it differently, if at least one of the matrix
elements

o 9V
[ (al\}gm (@=1,2,...) (2.16)

a
is not equal 0, then the adiabatic potential £(Q,) in the Q° point has no minimum.

Jahn and Teller have shown for the first time [22], that for each polyatomic system in

the presence of electron degeneration in the non-linear symmetric configuration of nuclei,

there will always be such nuclei displacements Q,, for which the integral (2.16) does not

equal 0. It means, that in the point Q, at least one of the branches of the adiabatic potential

has no minimum. It was later shown by Jahn [23], that a similar statement is also valid in the
case of spin degeneracy (with the exception of two-fold degeneracy) for the Kramer’s
systems [24]:

The statement about the absence of the extrema at the point of degeneracy is called
Jahn-Teller theorem and may be formulated more rigorously as follows: if the adiabatic
potential of a nonlinear polyatomic system has several (f>1) sheets coinciding in one point
(f-fold degeneracy), at least one of them has no extremum at this point, with the exception
of Kramers degeneracy cases.

The schematic illustration of this statement is presented in Fig. 2. Here at the point
0=0, which corresponds to the maximum symmetric nuclear configuration, two branches of
the adiabatic potential coincide, resulting in electron degeneracy. But according to the Jahn-
Teller theorem, the adiabatic potential in this point has no minimum, hence, the system in this
point is not stable. At the same time, if the atomic system is stable in principle in this studied

electronic state, the minima of the adiabatic potentials are situated in the points Q =+Q, #0.

At these points the system has a lower energy, the nuclear configuration has a lower
symmetry, the adiabatic potential as a whole has a new shape and, thus, the solid state
material has a series of new properties.

One has also take into account, that besides of Jahn-Teller effect the vibronic

interactions have two other cases [25].

12
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Y

Fig. 2. Schematic illustration of the adiabatic potential behaviour due to Jahn-Teller effect.

1. Pseudo Jahn-Teller effect occurs, when at Q=0 point the direct crossing is removed

by some term interaction. As a result, the branches of the adiabatic potential do not cross, but

“pseudocross”, as it is marked by dotted line in Fig. 3(a). In this case the structure of the

molecule is “softened” in the ground state, but still is not stable. Though, in a strong limit the

system is unstable at =0 and has two minima of the adiabatic potential at Q =+Q, # 0, like

in the case of Jahn-Teller effect.

2. The variation of the adiabatic potential is present at long distances due to Jahn-

Teller effect or electronic rearrangement (Fig. 3(b)). In the general case, these changes of the

adiabatic potential, especially in the case of electronic rearrangement, lead to the change of

Q) }

e(Q)4

Fig. 3. Schematic illustration of the adiabatic potential behaviour due to vibronic interaction:
a) electronic pseudodegeneracy — pseudo-Jahn-Teller effect;

b) electronic rearrangement effect.
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equilibrium nuclei configuration, rigidity (force constants), anharmonicity, and, as a result,
the chemical reactivity of the material.

The variety of the effects and laws, revealed by the vibronic approach, made possible
to describe and predict a series of stereochemical and spectroscopic properties of the solid
state materials.

The corollary of the Jahn-Teller theorem is the fact, that at the point of the nuclear
configuration, where electronic state is degenerated, the surface of the potential energy of
nuclei has no minimum. Meanwhile, the knowledge of such minima positions (in the presence
of Jahn-Teller effect) could give us the substantial information about the stable configuration
of the nuclei, their dynamics, and energy spectra. In the literature the study of the adiabatic
potential shape is widely illustrated by the example of metal-ligand MLs-type octahedral
complexes.

It is known [26], that ligand atoms influence the central ion, what leads to the splitting
of its energy terms. (This matter will be discussed more detailed in the 2.2.1 Section). In the
octahedral system such splitting results in the creation of the doubly degenerated E-term and
trebly degenerated 7, term, characterized by higher and lower energies correspondingly. The
degeneracy or the energy terms can be relieved with the so-called symmetrized displacements
which are not connected with the forward and rotary movement of the complex as a single
whole. The theoretical calculations show [22,27,28], that in the case of E-term, the
degeneracy can be relieved via the symmetrized displacements of e-type, and such a situation
is usually mentioned as E ®e case in the literature. The e-type displacements can be
expressed by @, and Q3 normal mode coordinates (Fig.4 (a)), which, in turn, are connected
with the Cartesian coordinates via the expressions, presented in the Table 1.

J.H. Van Vleck has shown first [27], that the adiabatic potential of E-term can be

expressed by the following equation:

(0.0, =5 K(©} + 0 £ |40l +; 2.17)
In order to analyze the shape of this surface, it is convenient to use the polar coordinates p
and ¢:
Q,=psing, Q, = pcosQ (2.18)
Then,
£(p.9) =%sz +|Alp (2.19)

14
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The latter equation shows, that £ doesn’t depend on ¢ . The shape of this surface of

rotation is shown in Fig.4 (b) and is called “mexican hat”.

£ (Q))

5 ¥ Y A -y
Xg a o o
xr’“:‘y/ ‘?,;;u\yz
V2
8
/"-‘L\yﬁ

(a) (b)

Fig. 4. The labeling of Cartesian displacements (a); the shape of symmetrized displacements of atoms Q,
and Q; in an octahedral complex ML (b); and the‘“mexican hat”-type adiabatic potential shape for
a doubly degenerated E term linearly interacting with the e-type displacements, described by Q,
and Qj; coordinates (c).

The point 0>=0;3=0 is the cross point of the inner and exterior branches of the surface of

revolution, presented in Fig. 4 (b), and its minima is the circle with a radius of p, = |A|/ K,

which is located at a “depth” of Jahn-Teller energy E, , = A*/2K.

One has to notice that the foregoing conclusions about the shape of the adiabatic
potential can be obtained, if one takes into consideration only the first two terms in the
expansion (2.15). Meanwhile, it was shown [29-32] that if one takes into account the
quadratic terms as well, the form of the adiabatic potential will change. Along the bottom of
the “mexican hat” 3 “wells” will occur, regularly alternating with three “humps” as it is

shown in Fig. 5.

Table 1. Symmetrized displacements, expressed via
Cartesian Coordinates labeled as shown in Fig. 4(a)

Q2  [33].

Sym- Sym- Transfor- Expression in Cartesian
metrized metry mation .
. . coordinates
coordinates | type properties
1
0 \/g(xz_yz) E(xl —X, =, +s)
e
0; 2% —x* =y B XAy
Fig. 5. The distorted ‘“mexican hat” \/T 2
adiabatic potential surface with

three minima AM; and three saddle
points S;, where | =1,2,3 (after [34]).
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2.2. Cr**ion in the tetrahedral field of ligands.
2.2.1. The main ideas of the ligand field theory

By the end of the 30’s it had been clear, that the electrostatic ideas could not
completely describe the atomic interactions in the coordination compounds and conformably
explain a wide range of magnetic and optical material properties. Thus, a new approach of the
crystal bounds, based on the quantum mechanics laws was developed by Bethe in 1929 [26)].
He studied the influence of the surrounding ions on the electron distribution within any of the
ions in a NaCl-type lattice. Later on the principles of this work were recognized by Penney,
Schalp [35,36] and van Vleck [37] to describe the spectral and magnetic properties of the
transition metal complexes. These ideas served as a basis for the formation of so-called,
crystal field and molecular orbital theories, which tried to describe the bounds, arising
between the atoms or ions in the complex compounds. Later on, being enriched with the
conclusions of the two above mentioned theories, a new, more general and adequate
conception about the processes in the complex compounds was created and called ligand field
theory. It covers all the aspects concerned the influence of the nearest neighbours on the
physical properties of the atom or ion, located in the center of the coordination compound.

The main assumptions of the ligand field theory can be formulated as follows [38].

1. While considering the orbital energies, the contribution of both electrostatic field of
ligands and covalence effects have to be taken into account.

2. If the electrons are located on molecular orbitals, similar to d-ones, then the real

molecular orbitals are substituted by the d-

orbitals, with a somewhat modified radial

term R4(r).
In the present section there will be

reviewed the ideas of the ligand field

theory, which mainly refer to the transition
metals. One should notice that ligand field

perturbations for the 3d-electrons of

transition series 1is greater than, for

. . . . . example, in the case of 4f-electrons of rare
Fig. 6. A schematic illustration of ligands in

the octahedral ML-type complex. earth atoms. The latter peculiarity is
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explained by the fact that 3d-electron orbitals are not protected by the shield of exterior
electrons, as it takes place in the case 4f-electrons, which are screened with 5s- and S5p-
electrons. In the isolated free transition metal ion all five d atomic orbitals have the same
energy, i.e. the d-orbital level is quintuply degenerated and forms fivefold degenerated ’D-
term. But in the complex compounds the presence of ligand ions around the central one leads
to the symmetry decrease, which results in the splitting of the degenerated states. The case,
which is widely discussed in the literature and vividly illustrates the perturbation process of
the central ion is octahedral (O;) ligand configuration. There are six ligand ions (shown with
red color in Fig. 6) disposed on the apices of the octahedron which is inscribed in the cube.
Then, if the Cartesian coordinate system is chosen as it is shown in the picture, the directions

of the d . .and d ,orbitals of the central ion have their electron density maxima oriented

d,

yz?

directly towards the ligands. At the same time d and d . orbitals have their density

xy?

maxima oriented in the regions between the Cartesian axes. Thus, the alxz_y2 and d 2 orbitals

are affected by the ligands more than the d, d ,, d . ones, and therefore five d states in the

xy?

.
octahedral free ion are split into doubly degenerated e, state (E-term) and triply degenerated
17, state (T>-term) with higher and lower energies, respectively.

Since the experimental part of the Theses mostly discusses the materials with
tetrahedral (7,) configuration of ligand ions, it should also be expedient to illustrate the
splitting of the d orbital energies in this case.

First, one has to take into account, that a regular tetrahedral can be obtained by taking
alternate apices of a cube (ions, shown with blue color and marked as 1, 3, 6, 8 in Fig.6).
Then, the orbitals of ¢, set are directed towards the centers of the cube edges, and the e set
orbitals are directed towards the cube face centers. Moreover, the close inspection shows, that
in this case , orbitals spread closer to the ligand ions in comparison with e orbitals. Thus, as it
follows from the rigorous calculations [16], in the tetrahedral complexes e and t; sets are
reversed with respect to the splitting in the octahedral ligand configurations (Fig. 7). As it is

shown in Fig. 7, the separation between deg and drzg orbitals is equal to 10Dg (often

abbreviated as A), where Dq is so-called crystal field parameter, being the product of two

components [18,39]:

4
_3%Ze g g=24) (2.20)

D 5
da 105
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Here Ze is a central ion charge, a is the distance between the central and ligand ions, and <r4>

is the mean fourth power radius of the d electrons of the central ion. As it my be seen from the
picture (Fig. 7), crystal field parameter is different in the case of octahedral and tetrahedral

configuration, and it was shown rigorously [18], that

9
qucmhedml = _Z Dqtetmhedml : (22 1)

Ty (2)

Fig. 7. The splitting of the energies of the d orbitals by octahedral (left) and tetrahedral (right)
crystal fields.

It is essential to mention, that the energy of the quintuply split D-term in the ligand
surrounding is Ey value higher in comparison with the free ion case. The Ej energy is obtained
by the central ion electrons due to the interaction with the negative ligands and in
consequence of the attraction of ligand electrons to the positive core of the central ion. It can
be shown [16], that Ej energy coincides with the position of the term of the central ion in the
field of ligands, located in a spherically symmetrical positions. This energy is also used as a
level from which the position of the split terms is counted out, thus, it is called a “center of
gravity” of the split levels (marked with a dashed line in Fig. 7). In the octahedral and
tetrahedral configurations the E-terms and 7-terms are 6D¢q and 4Dgq distant from the center of
gravity respectively, but in accordance with (2.21) they are located on its opposite sides.

If the central ion has more than one d-electron over the closed electron shell, the
interaction between d-electrons becomes significant and, in this case four following situations

are possible [16,39]:

18
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1. The ligand field influences on the d-electrons much weaker in comparison with the

spin-orbit interaction, what can be expressed with the following inequation:

H,, <ALS,
where L is the operator of random orbital angular momentum of atom and S is the
operator of random spin momentum of electron respectively. In this case the atomic
terms of the central ion undergo just some perturbation from the ligands and this case
is called a weak field approximation.

2. The inter-electronic repulsion causes the splitting of the terms as large as ligand field
influence. In this case so-called medium field approximation is considered:

H, ~ALS

3. The influence of ligand field exceeds the electrostatic interaction between
d-electrons and their orbital bounds are being broken. The ligand field is stronger than
spin-orbit coupling and weaker than correlation effects (intra-atomic exchange
interactions):

ALS<H,. <H,, o
The terms of the central ion do not exist in this case and it is said about strong field
approximation.

4. The interaction of the central atom and the ligand field are characterized by the energy,
comparable with that of correlation effects, and significantly exceeds the spin-orbit
coupling energy:

/15§ << ﬁLF ~ ﬁcorr. of .

This is a very strong field approximation case, which it is characterized by break-

down of the Hund’s rules and release of some electrons from 3d shell.

The case of Cr** ion, embedded in the field of sulphur, selenium and tellurium ligand
atoms can be considered in the context of medium field of ligands.

The study of the optical properties of crystals at high pressures makes it necessary to
know the change of energy levels with interatomic distance decrease, i.e. with the ligand field
increase. The behavior of energy levels under above mentioned conditions can be pictorially
represented by so-called correlation diagrams. On the basis of representation theory of the
symmetry group it was shown [18] that the term splitting for the 3d" system in O;, symmetry

and for the 3d'%" system in Ty symmetry are equivalent. Thus, the diagrams for the 3d" case in
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O;, symmetry are approximately valid for the 3d"" case in T, symmetry and vice versa.
Fig. 8 represents the correlation diagram for 3d® case in T, configuration [39]. The
scale on theextreme left and right sides of the diagram is rough and does not represent the true

energy distances between the terms.

Free-ion Weak Intermediate Strong-field Strong-field
terms ligand field ligand field terms configurations
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Fig. 8. The correlation diagram for the ion terms for 3d’ in T, and 3d° in 0, (after [39]).

The correlation diagram is a rather good qualitative illustration of the transition from
weak to the strong ligand fields, but its disadvantage is the fact, it cannot be used for the
interpretation of the real spectra. For this purpose the energy levels of a d" system should be
calculated, taking into account both ligand field influence and interelectronic repulsion, which
is characterized by so-called Racah parameters [40,41]. They are determined experimentally
and for Cr** ion, for instance, have the following values: B=810 cm’ and C=3565 cm'l,
therefore y=C/B=4.40 [42]. The latter ratio makes it possible to use only two (instead of three)
parameters — A and B, which characterize the relative position of the energy levels. Thus,
while choosing the abscissa axis in the units of B, one can plot the dependence of energy
levels as a function of A. Such diagrams were proposed by Tanabe and Sugano [42,43] for all

configurations d' (n =2+ 8).
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The lowest energy term is always taken as the zero level in these diagrams and if the
change of the ground state occurs at some value of A, all the terms undergo a break, which
corresponds to the transition from the weak to the strong ligand field. Fig.9 represents the
Tanabe-Sugano diagram for the d& configuration in O, symmetry, which is also valid for the

d’ case in T; symmetry, according to the above mentioned reasons.

E/B 3A2 1A2 3A1 3A2 1€
70 F | ‘) SE
" I 1A2
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|
]
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3F
1
Hoo— k. I 3T,
|
-
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L 5 !
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D 5T2L 1 1A1 1
0 1 2 3 4
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Fig. 9. Energy levels of the 3d° system for the octahedral ligand field.
The energy values are calculated for y=4.81 (following [12,42,43]).

Thus, this diagram was used to analyze the high-pressure photoluminescence spectra,
obtained from the Cr** ion, embedded into ZnX (X=S, Se, Te) lattices (what will be discussed
in the Chapter 6 of the Thesis). Nevertheless, one should also notice that Tanabe-Sugano
diagrams are of approximate nature. They do not take into consideration the overlapping of
the wave function, which can take place in the crystal lattice and be responsible, e.g., for the

covalence effects.
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2.2.2. The energy structure of Cr**ion

An isolated chromium atom has 24 electrons, which arranged in the following
configuration: 1s2s*2p°3s 3p° 3d°4s'. Having been inserted into the cation position in the
ITI-VI crystal structure, the Cr atom loses two electrons and remains a Cr** cation with 3d”
configuration. In 1970 J.T.Vallin et al for the first time applied the basis of above discussed
ligand field theory in order to describe the energy levels of Cr** ion embedded in the ZnS,
ZnSe and ZnTe crystals lattices [5]. This model was found to be effective for the
interpretation of magnetic [5,44-48] and optical properties [49-51] of the ZnX:Cr** (X=S, Se,
Te) crystals. The main points of this model can be represented as follows.

The energy structure of the C#** ion can be described by the following Hamiltonian:

H=H +H, ,+H +H,, (2.22)
where:

— Hcr is the cubic ligand field of tetrahedral symmetry T,

— Hj_r stands for the static Jahn-Teller distortion of tetragonal symmetry;

— Hy, describes the spin-orbit interaction;

— Hp is responsible for the interaction with the external magnetic field (if it is present).
The term, responsible for the crystal field, can be expressed by the equation [52]:

H. =B,(0] +50)), (2.23)

where the equivalent operators O; and O} are defined as follows:

0, =35L' —=30L(L+1)L2 +25L2 —6L(L+1)+3L*(L+1)*, (2.24)
o) = %(Li + LY. (2.25)

Here L=(L,, L,, L,)is the orbital momentum operator, and L, = L +iL,. The By crystal

field parameter is related to the commonly used parameter Dg by the equation:
12B, = Dq (2.26)
The strong static Jahn-Teller effect of Cr** ion takes place along one of three
directions: A (<100>), B (<010>) or C (<001>), as it is presented in Fig. 10 [3,5,53,54].
The Jahn-Teller distortion is described by the second term of the Hamiltonian (2.22)
[52]:
H,_; = B,0; +BJ0;, (2.27)
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z||<111=

B yll<011=

Z <100>

x||<211>

Fig. 10. The typical crystallographic directions in the Cr** ion surrounding [53].
The bold lines (labeled as A, B and C) represent the axes of Jahn-Teller
distortion.

where Of is the operator determined in (2.24), and
0) = 3L§ —L(L+1). (2.28)

On the other side, in the F.S.Ham’s notation [55,56], the most general Hamiltonian for

a linear Jahn-Teller coupling, concordant with the symmetry requirements, can be written as

follows:
1
H, ; =V,(q,€, +q..)+V,(q,U, +q.U,)+ Ek(qé +g)l (2.29)
where:
— V; and V; are the coupling coefficients of the lattice to the orbital 5T2 and °E states,
respectively;

- g,and g, are the dimensionless parameters, which measure the magnitudes of the
two E distortrions Q, and Q, in the F.S.Ham’s notations (i. e. Q3 and Q> distortions in

the notations, used in the 2.1.2 section of this Thesis);

— &, and &, are the electronic operators, which only have matrix elements within the

orbital 7, wave functions;

— U, and U, are the electronic operators, which operate within the orbital £ wave

functions;
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1 . . . . . .
- E(q; +¢?) term is the elastic energy, associated with the distortion;

— [ is the unit matrix.

A schematic illustration of the energy levels of a Cr** ion, located in the field of
ligands with D,,; symmetry and tetragonal distortion is presented in Fig. 11. The ground term
of the isolated Cr*" ion is 5D, with a total orbital momentum L=2 and a total spin $=2, thus, it
is 25-fold degenerate. The first item H¢p of the equation (2.22) splits the °D ground term of
the isolated ion Cr** into 15-fold degenerate T, orbital triplet and 10-fold degenerate *E
orbital doublet, separated by ~5000 cm™ (~619 meV). The ground term 7> undergoes a static
tetragonal Jahn-Teller distortion, equivalent to the stress along the A (<100>) crystal axis
(which is considered by J.T.Vallin et al. to be the most probable one for the tetragonal

compression). This distortion reduces the local symmetry to D, and leads to T splitting
into’ éz ground singlet and°E elevated doublet. In Fig. 11 this splitting is labeled as 1.5V,q,,
according to the mentioned above notes. The coupling of the "E doublet, in turn,

equals 2V,q,.
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Fig. 11. Energy level of Cr** ion, predicted by crystal-field theory for the
substitutional cation site of D,; symmetry (after [5]).
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While comparing the calculating results with the real absorption spectra, the authors
come to the conclusion, that the best fit is achieved, when V, >>V, #0 and E;_7=0. In this

case the wave functions of the °E excited state are inseparably mixed and represented by five
equally located levels.
G. Grebe et al. [57,58] studied the low-temperature E—°T, photoluminescence of

ZnSe and ZnS crystals, doped with Cr** ions. The observed no-phonon lines were assigned to
the to the transitions, terminating on the I, I, and I levels of the split °B, term.

M. Kaminska et al. investigated the absorption and emission spectra of ZnX (X=S, Se,
Te), taken at liquid-helium temperature [4]. The experimental results were interpreted in the
framework of the crystal field theory with spin-orbit coupling and Jahn-Teller distortion of
both °T, and °E terms. Using the Franck-Condon principle, the absorption and emission
spectra were calculated with the semiclassical approximation. In the regions, where transitions
occur, the surfaces of the potential energies were approximated by harmonic potentials. This
approach is rather successful for the absorption case, since the Jahn-Teller stabilization of the
ground state is large enough for the region near the energy minimum, approximated by

parabola.

Fig. 12. The schematic illustration of the cross section along the z, axis for the 5T, state

with coupling to E mode (after [4]). The units of the abscissa is (h/mo)"2.

The schematic illustration of the calculation results is presented in Fig. 12. The solid
curve is simulated for the presence of spin-orbit coupling, characterizining by a spin-orbit

parameter A=—74 cm™. The dashed curve corresponds to the case without spin-orbit splitting,
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but with the same values of Jahn-Teller energy E;.;~320cm’ and mode frequency
io=50cm™. In the latter case (A1~0) the double peak shape of the emission spectra is
interpreted by the authors as the Jahn-Teller interaction in the excited “E state. The Jahn-
Teller energy of this term E J,_T,(SE) ~50 cm™ was estimated to be smaller, than in the case of
5T2 term.

Natadze and Ryskin [59] reported about the larger Jahn-Teller energy value for the
excited °E state in the case of ZnS:Cr** crystals: E J,_T,(5E) =94cm™. They calculated an equally
strong coupling to e- and f,-modes for the ground state, while assuming “nearly dynamic”
Jahn-Teller effect. Several authors [60,61] also discussed that the coupling with z,-modes is

comparatively insignificant.
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2.2.3. The spin-orbit interaction of Cr** ion

The energy levels of the atomic electrons are affected by the interaction between the
electron spin magnetic moment § and the orbital angular momentum [ . In the relativistic

approximation the operator of the interaction energy between s and [, being obtained from

the Dirac equation, can be expressed by the following formula [41]:

H, =&0.5), (2.30)
where

e lBV(r)
2m*ctr or

§(r)=-

(2.31)

and V(r) is the potential of the nuclei field.
While taking into account the spin-orbit operator as a perturbation, one can calculate
the proper corrections for the atomic energy levels. Usually they are defined by the matrix

elements of the perturbation, in which the main part is the following value:
£, =1 [EMRY (ndr, (2.32)
where R, ,(r) is aradial part of the wave function of the perturbated electron state, n and [ are

principal and orbital quantum numbers respectively. The term ¢, is a so-called spin-orbit

interaction constant. While substituting (2.31) into (2.32), one can also take into
consideration that the Coulomb electrostatic field of the nucleus can be written as:

4 _ze , (2.33)

r

where Z is the atomic number, and that average value of the r~ for the so-called hydrogenic

wave function can be expressed as [62]:

3
[FR dr = z ., (2.34)
a’n’l(l + 1)(1 + j
2
2
where a = —— . Then, the equation (2.32) can be re-written in the following way:
me
Ze*h? _ e’h? 74
ot = ptetgr) " Riirdr = (2.35)

2.2 3
Zm’cta n3l(l+1)(l+;j
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When a system has more, than one electron, the total perturbation of the spin-orbit

interaction can be expressed by the equation:

H, =Y Er),.5,) (2.36)

In case of LS-bound spin-orbital interaction is assumed to be weak, thus, it can be counted as
a perturbation of the states with perfect L and S. It was also shown [41], that in this case the
spin-orbit operator can be represented by the formula:

H, A =ALS), (2.37)
where A is a constant of a spin-orbit interaction, being called spin orbit-parameter and

§=(8,,5,,S.) is the spin operator. The expression (2.37) also represents the H , term of the

(2.22) equation. The spin—orbit parameter 4 can be expressed as a sum of radial integrals of
(2.35) type, thus:
Lo Z4 (2.38)
Meanwhile, the EPR studies have shown [3,63,64], that the spin-orbit parameter value
for Cr** ion, embedded into the II-VI compound lattice differs from that value for free ions.
This fact was explained by the hybridization of the central ion
d wave functions and the ligand wave functions. As the ligand spin-orbit parameter is often
significantly larger, than that one of the central Cr** ion, even small admixtures of ligand
wave functions may change the value of the spin-orbit parameter of Cr** ion. As it follows
from the previous publications [3,4,63,64], this change, can be approximated by the following
expression:

A=A4,(-a), (2.39)
where 1,=57 cm’! is the spin-orbit parameter of the Cr** free ion, and a=0.2, 1 and 2.3 for
7ZnS, ZnSe and ZnTe respectively. The negative sign of the A for ZnTe is explained by the
large spin-orbit parameter of Te. In ZnSe case the spin-orbit parameter is assumed to be 0, i.e.
spin-orbit splitting in ZnSe:Cr’** case is supposed to be very weak.

On the other hand, taking into account the dependence (2.37) and comparing the
atomic numbers for S, Se and Te atoms, one can conclude, that:

Ay <Ay, <Ay . (2.40)

Therefore, it is possible to assume, that S, Se and Te ligand atoms will provoke the spin-orbit

splitting of Cr** central ion to the extent, being defined by (2.39) inequality. This assumption
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is of contradiction with the 4 values, having been obtained from (2.38) formula, which are
equal to 46 cm™, 0 and —74 cm™ for ZnS, ZnSe and ZnTe respectively.
The mentioned above contradiction was to be checked experimentally, and this is one

of the goals of the present Thesis.

2.2.4. Optical properties of ZnX:Cr (X=S, Se, Te) crystals

During the last 40 years there were published numerous reports about the experimental
studies of the optical transitions, originating from the split energy levels of Cr’* ion,
embedded in the tetrahedral ligand field of 1I-VI semiconductor lattices. First, the researchers’
attention was attracted by the midinfrared (between 2 and 4 pm) emission of Cr-doped II-VI
compounds [57,58] as they could be effectively applied for the new laser systems, operable in
this spectral range. Later on these semiconductor structures awoke a vivid interest as new
materials for the construction of blue-green laser diodes, continuous-wave lasers with life-

times exceeding 100h and also fluorescent displays [65-67].

Absorption. The first intensive investigations of ZnX:Cr (X=S, Se, Te) started just in
the early seventies of the last century and these experimental works were devoted to the study
of the optical absorption spectra, taken at room and liquid helium temperature [5,68,69]. It
was found out, that the room-temperature spectrum revealed a broad absorption band at about
5500 cm™', which originated from *T>,—’E transition. At liquid-helium temperatures a single
[5] or double [70] so-called zero-phonon line (ZPL) appeared on the low-energy side of the

absorption band and its intensity decreased with the temperature increase. These lines are

associated with the optical transitions between the ground state (I, T, or I, level of the °B;

term, originating from the split °75 term and the lowest excited state (f‘3 level of the °B; term,

originating from the split ’E term). The main absorption band parameters, obtained in these
investigations, are presented in the Table 2. Further experimental studies of these materials,

made it possible to characterize the other energy transitions, listed in the Table 3:

1. Between the levels, arisen due to spin-orbit splitting of the 5Bz term: ( fl,fz)

semidoublet and fs doublet.
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2. Between 532 and °E level of the ° T, term, split due to the Jahn-Teller distortion.

(This splitting is equal to 3E; 7).
The energy of (fl , fz )— f‘s transition was determined by means of far infrared (FIR)

absorption measurements and via low-field EPR study. One should mention, that the sequence
of the spin-orbitally split states within the 582 term in ZnX:Cr (X=S, Se, Te) crystals turned
out to be dependent on the anion type (X). These sequences were determined on the basis of
temperature-dependence studies of EPR line intensities [3] and are also presented in the

Table 3.

Table 2. The characteristics of the near-infrared absorption band of ZnX:Cr (X=S, Se, Te)
crystals (after [5,70]).

Absorption band peak, cm™ ZPL peak position, cm™
Crystal FWHM of
type AB, cm’ After J.T. Following
T=2K T=300K Vallin et al. G. Goetz et al.
[5] [70]
ZnS:Cr 5800 6000 1035 522442 | 5212; 5218
ZnSe:Cr 5525 5650 675 497543 4971
ZnTe:Cr 5530 5620 570 499442 ---

Table 3. Experimental spectroscopic parameters of Cr** ion, embedded into the different
ZnX:Cr (X=S, Se, Te) crystal lattices. (All energy values are in cm™).

(fl ,fz )— f} transition The Jahn-Teller splitting of the °T, term
Crystal Ground Followi
type state FIR Low field Following After I T(i’ (H?fllng d
absorption EPR srudies J.T.Vallin M.Kaminska G D 3\,11:1;111
measurements [3] et al. [5] et al. [4] o [32]1 1ns
ZnS:Cr | (I', ) |5.5340.10 | 5.58+0.09 575 300 -
ZnSe:Cr | (I';, ) |7.4320.02| 7.44+0.03 550 340 > 470
ZnTe:Cr Iy - 6.60+0.06 535 320 > 200

Y After A.E.Hughes and J.T.Vallin [71];
® According to J.T.Vallin et al. [5].
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As it follows from the Table 3, there is a large discrepancy between the Jahn-Teller
energy values of the °75 term, reported by different authors.The Jahn-Teller energy of the °E
term is reported to be rather small: about (40...60) cm’! [4] or even close to zero [5].

High-pressure dependence of the ZnS:Cr near-infrared absorption, centered at about
0.72 eV was investigated by C. Stuart Kelley in 1973 [72]. The measurements were performed
at 0,5, 10 and 15 kbar at 7=300 K in order to determine the dependence of the absorption
coefficient o on the full-width at half-maximum (FWHM) E. Then, on the basis of T.Keil’s
semiclassical treatment of the band shape [73], using the dependence

a=a,+a, expl-4In2E-E,) /] (2.35)
the author determined three parameters of the absorption band: a full-width at half-minimum
(FWHM) y, a maximum of absorption intensity a,, and a position of the absorption peak E, for
each pressure value. Thus, pressure dependences of these parameters were also estimated and
found to be equal to: -8.6-10"eV/kbar (—6.94 cm'/kbar), 9-107 cm/kbar and
4.1-10” eV/kbar (0.33 cm™/kbar) for 7, o, and Ep respectively. The cited paper is only one
known to the author of the Thesis publication, devoted to the high-pressure optical studies of

Cr-doped ZnX (X=S, Se, Te) semiconductors.

Photoluminescence. The experimental optical studies of II-VI Cr2+—doped

semiconductors [45,46] in both room and liquid-helium temperature have revealed, that the
photoluminescence (PL) of Cr** impurity behaves similarly for all ZnX (X=S, Se, Te) host
lattices. Thus, the emission bands have the analogous shape, and in the case of ZnX:Cr
(X=S, Se) the spectral position of the ’E—’T, transition was found to be dependent on the
energy gap [70]. This tendency is also observed in the case of other Cr-doped II-VI
semiconductors (e.g. CdS:Cr and CdSe:Cr samples), but ZnTe:Cr emission band is not kept
within mentioned regularity (Table 4.).

Liquid-helium PL of ZnX:Cr (X=S, Se) samples reveal a characteristic double-peak
form [4,57,58], which is a consequence of °A;(E)—’By(T») and °A;(E)—B(T»)
transitions [74]. The distance between the peaks is about 420 cm™ and 340 cm™ in the case of
Cr-doped ZnS and ZnSe samples respectively. The low-temperature PL of the ZnTe:Cr
samples reveals a pronounced 3-peak band, observed in the case of both bulk samples [4] and
epilayers [75]. As far as PL process has been reported to depend strongly on the anions which
surround the Cr** ions [70], the presence of the third peak has been explained by the

significant splitting of the ground 7T, state, being a consequence of the Te admixture into
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the Cr ion wave function [4]. It was found to be in a good agreement with the theoretical
investigations [11,76,77], which emphasized the hybridization of the wave functions of the
central ion with those of the neighboring anions.

ZnS:Cr samples have revealed a pronounced phonon structure compared to the
Cr-doped ZnSe and ZnTe samples. The ZPL doublet observed at Cr-doped zinc sulfide and
selenide emission bands was interpreted as the transition from the excited °E state into the
spin-orbit components of the T state. But the position of the ZPL doublet was not identical
in the reports of the different authors. Thus, G. Grebe and H.-J. Schulz have revealed the
ZPLs at 5211 and 5216 cm™, what corresponded to the 3 cm™ shift towards the lower energy
versus the position of these lines in the absorption spectra [57]. Later G. Goetz with co-
authors asserted, that the ZPL doublet was observed at 5212 and 5218 cm’! [70], both in the
emission and in the absorption spectra (see Tables 2 and 4) and these values were declared by
authors as authentic ones. The strength of the ZPLs were found to be strongly dependent on
the Cr concentration in the case of ZnS:Cr samples.

Meanwhile, the authors of [70] claim, that a low-temperature ZnSe:Cr
photoluminescence does not reveal a significant dependence on the Cr concentration in
comparison with ZnS:Cr case. PL band is also characterized with the ZPL doublet at 4964 and
4971 cm™ [58,70], which are not observed at coinciding energy values in the absorption band
(contrary to ZnS:Cr case) — only a faint structure at 4964 cm’’ becomes noticeable at about 15

K. With the Cr concentration increase the ZPLs were found to be less distinct [70].

Table 4. The characteristics of the near-infrared PL band of ZnX:Cr (X=S, Se, Te)
crystals (after [4,70,78]).

Approximate PL peak
Crystal Band-gap energy of the host position of ZPL peak position
5 5 . .
A(E)—"By(T,) transition (following G.Goetz
type crystal, after D.Long [79] (following M.Kaminska et al. [70]), cm’!
et al. [4]), cm™ (eV)
ZnS:Cr 3.68 5008 (0.621) 5212; 5218
ZnSe:Cr 2.8215 4754 (0.589) 4964; 4971
ZnTe:Cr 2.394 4784 (0.593) -
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Besides of the wide ZnSe:Cr PL band, associated with the SE—’ T, transition, several
authors reported about another PL peak, centered at about 10485 cm” (1.3 eV) [80] or
11290 cm™ (1.4 eV) [81]. Meanwhile, the nature of this band was explained in the
contradictory way.

First of all, H.Pradella and U.W. Pohl associated this PL band with “T;—°A; transition
of Cr'* [82]. In turn, M.U.Lehr and coauthors interpreted this emission peak as 3T1—>5T2
transition of the C** ion [83].

The other authors, who tried interpret the origin of this band took into account the
localization of Cr deep impurity levels in ZnSe:Cr band gap, determined on the basis of
photo-ESP measurements by M. Godlewski and M. Kaminska. These levels were found to be

localized at 1.24 and 2.26 eV beneath the conduction band edge for Cr'* and Cr** states

respectively [84].
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Fig. 13. The emission spectra of ZnSe:Cr crystal (after [80]) reveals Cr-related PL bands centered
at ~0.5 and ~1.3 eV, which have ’E—’T, (Cr**) transition nature and an unidentified origin
respectively (a); the schematic illustration of Cr** and Cr'* levels in the ZnSe:Cr band gap

following [2,84] (b).

Taking into consideration these values, one can conclude, that the PL band centered at
about 1.3 (1.4) eV may originate from the transition from °A; level of Cr'* state to the valence
band [81] (Fig.13).

Consequently, the origin of this peak was not explained unambiguously and therefore

the interpretation of this PL peak was one of the goals of the present Thesis.
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3. HIGH-PRESSURE INVESTIGATIONS
3.1 The effect of high pressure on semiconductors

The effect of the high hydrostatic pressures on the band gap of a typical AVB*"

semiconductor compound can be described in the terms of the interactions of the nearest
neighbours. It is known, that the symmetric (antisymmetric) combinations of the adjacent
atoms lead to bonding (antibonding) molecular orbitals. The schematic illustration of the
dependence of atomic energy levels on the interatomic distances is shown in Fig. 14. The
interatomic distance dy, which minimizes the total energy of the crystal corresponds to the
equilibrium lattice constant.

As it follows from the picture, the decrease of d with respect to dy leads to relatively
little change of the bonding states, whereas the antibonding states increases significantly.
Therefore the bonding-antibonding splitting is also expected to increase with pressure, as well
as the lowest direct semiconductor bandgap at the Brillouin-zone center.

Both experimental and theoretical studies of semiconductors show, that the application
of hydrostatic pressures allows to achieve a controlled tuning of the bandgap towards a

crossover of zone center (I') and zone boundary (X) of conduction-band states.

s-States

—————

Energy of Electrons

Interatomic Distance

Fig. 14. The schematic illustration of the atomic energy levels versus interatomic distances
in a typical A"B*" semiconductor. The d, distance corresponds to the equilibrium
state of atoms in the solid (following [85]).
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The effect of the high pressure on the quantum well can be analyzed with the use of
k - p calculations within the so-called envelope function approximation [86,87]. Thus,

quantum well states can be described as a superposition of Bloch wavefunctions. And the
Fourier transform of each expansion coefficient of Bloch function is just an envelope function
F(z), which can be obtained as a solution of a Schrédinger equation:

{— hwa—zwﬂ(z)}-Fn(z):sn -F,(2), 3.1)
2m" 9z

where m" is the effective mass tensor and Ug, is a superlattice potential.

For the infinitely deep and L, wide quantum well the energy eigenvalues £, and wave

functions F, of Eq. (3.1) can be obtained as:

2 2 2
PR . [ Ly LI S (3.2)
2m” \ L, 2m
F(z)=A sin(”L—”Z] , (33)

where k, =T is a magnitude of the effective confinement wave vector (n is a subband

quantum number). As it follows from (3.2) equation, the confinement energyé&, grows
quadratically with k, value and decreases inversely to the effective mass of the confined

particle.
One should take into account, that the bandgap E) icreases due to confinement, what

results in its additional nonparabolicity. Thus, the effective masses of the light particles in the
wells are assumed to be not constants, but dependent on energy. The k - p calculations of the

effective masses of electrons and light holes lead to the following expressions [88]:

2
Mo :1+2p( z ! j (3.4)

m’(e,) 3my\ E, +€&, E,+&g,+¢€,
2 £
my_y At -[1— \ j 45)
my, (gn) 3my E, +€, 2(e50 —E,)

where p is the matrix element of the momentum operator, defined as

p.x) (3.6)

p=p,=p,=p, =—ils

and &g, is the spin-orbit coupling energy.

35



3. HIGH-PRESSURE INVESTIGATIONS

3.2. The principles of DAC operation

The latter dependences can be used to analyze the effect of pressure on the quantum
well. If the pressure is applied, the light particles become heavier, as the bandgap increases.
According to (3.2) this, in turn, reduces the confinement energy of electrons and light holes.
On the other hand, the height of the potential barriers for confinement also varys with
pressure, if the band offsets are dependent on it. In the first approximation it can be assumed,
that the band offsets change with pressure proportionally to the difference of the pressure

coefficient of the energy gaps of the quantum well and barrier materials:

AU, (BEOQW OE" j
~¥cy’ - ’

—_— 3.7
oP oP oP G

where Q. is a pressure-independent coefficient.

As a an example, it was reported, that for GaAs/AlGaAs the offsets varied negligibly
with pressure [89,90], whereas for GaSb/InAs QWs the offset changes reached ~6 meV/kbar
[90-92].

3.2. The principles of DAC operation

The era of high-pressure measurements began since 1910, when the first devices for
this purpose were invented by Percy Williams Bridgman, who afterwards won the Noble
Prize in Physics in 1946, “for the invention of an apparatus to produce extremely high
pressures and for the discoveries he made therewith in the field of high pressure physics”.
His first mechanisms were able to achieve the pressures up to 100 kbar' [93]. In the post-
Bridgman times ultra-high-pressure supported anvil devices were constructed for the electric
and x-ray measurements and reached several hundred kbar [94,95]. But the crucial invention,
which was the turning point in the high-pressure generation technique was a so-called
diamond anvil cell (DAC), which conceived independently in 1959 in the University of
Chicago [96] and in the National Bureau of Standards (NBS) [97]. During the last 50 years
numerous developments and innovation designs made it possible to operate DAC very easily,
achieving the pressures up to 550 GPa [98-100]. Thus, nowadays DAC became an extremely

important tool for the up-to-date physical research.

"1 bar=10’Pa~1 atm (=0.9869 atm); 1 kbar = 0.1 GPa = 1000 atm.
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The experiments, described in the present Thesis, were performed with a so-called
gasketed DAC. It consists of two diamonds, which bear with their tips (culets) on a metal
gasket (Fig. 15). The culets are flat dioctahedron surfaces, with about 750 pm distance
between the opposite sides of the dioctahedron. The gasket is a metal sheet, made of Inconel
or tempered stainless steel, usually (0.25+0.45) mm thick, which has a proper elasticity
according to the maximum pressure, applied during the measurements.

A very small sample (dozens of micrometers in length, width and thickness), together
with the pressure sensor is loaded into the DAC. Then the sell is filled up with a pressure-
transmitting medium and hermetically closed with diamonds. While exerting pressure on the
diamonds, one can hydrostatically stress the sample and the ruby, which plays a role of the
pressure gauge.

The basic principle, which makes it possible to achieve extremely high pressures,
using DAC:s is very simple. While applying relatively weak force to the diamond culet with a
very small area (about 0.45 mm?) one can obtain utterly high pressures. Diamond is
considered to be the most proper and convenient material for the construction of such pressure

cells because of two reasons. First, it is the firmest natural material, known by the present day.

Farce Farce

Low
fluorescence
diamond

Liguid argon
Sample

CH)

Farce (a) Farce (b)

Fig. 15. A schematic view of the DAC, following [101] (a); and a picture of diamonds with
a gasket, which are seen throw the hole in the DACY, mounted into the holder before
high-pressure measurements (b).

"The picture was taken by mgr Jacek Bloniarz in the optical laboratory of the scientific Division ON 4.1
in the Institute of Physics PAS. This photo has won an annual competition of the pictures, chosen to be
printed in 2009 wall calendar of the IF PAS. (In the Thesis the picture was reproduced with the author’s
permission).
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Second, due to its transparency, one can perform high-pressure experiments, while observing
the sample. The excitation illumination, which can reach the sample in the DAC, belongs
to the rather wide optical spectral range — from infrared up to ultraviolet (5.3 eV).
Furthermore, X-rays can also penetrate the sample [102]. But on the other hand, diamonds
demand an exclusive accuracy during the DAC loading and measurement preparation, what
protracts this process significantly.

While performing high-pressure measurements, one has take into account that the
diamonds have to be placed in the DAC in strict parallel with each other; otherwise they can
crack during the measurements. Besides, the maximum pressure, which can be applied to the
DAC is limited by the diamond culet diameter. D.J. Dunstan and I.L. Spain proposed the
empirical relationship between the maximum pressure, which can be achieved in the DAC
and diamond diameter [102]:

12.5

(d[mm]?

Meanwhile, the authors claim, that in practice one should achieve pressures not higher, than

P [GPa] = (3.8)

0.8 pyax in order to avoid a DAC brackage.

3.3. DAC preparation for measurements

Before high-pressure PL measurements to be started, one has to prepare the DAC and
load the sample. These procedures are fulfilled in the following consecution.

1. Checking the parallel and axial alignment of the diamonds.

The operation is done with the closed DAC without metal gasket. The diamonds,
touching culet-to-culet are observed via the optical microscope, while the DAC bottom is
illuminated with the white light. First, the axial alignment is achieved, while correcting the
upper diamond position with three screws, placed in the brass DAC mounting. The correction
is considered to be complete, if the overlapping images of both culets have a round shape.
Second, a parallel alignment is achieved, while observing the interference fringes, created
between the culet surfaces. No fringes mean the best parallel alignment and at this point
the DAC is ready for the loading the gasket with the sample.

2. Gasket preparation.

A metal gasket has to be previously squeezed in the DAC during 3-4 approaches

almost up to the maximum pressures, applied during the measurements. Each squeezing has
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to be made with the following measuring of the foil width in the diamond-shaped indentation.
As a result of this process a gasket will have a diamond-shaped hollow, (70...90) pm wide.
The less this width is, the higher pressure values one can achieve during the experiment. In
the center of the indentation a little hole in diameter 0.25 mm, equals about 1/3 of the
diameter of cullet, has to be drilled. The hole walls and the diamond culets form the high-
pressure sell.

3. Loading of the sample and the pressure sensor.

A cullet has to be covered with the prepared gasket, faced towards the diamond with
the same surface which touched the cullet during the preliminary squeezing. A sample,
polished up to ~25 um in thickness and slivered up to ~120 um in length and width is placed
into the cell together with the pressure sensor — tiny ruby balls, around (10-20) um in
diameter. Then the DAC is closed and observed through the microscope — to control the
position of the sample and ruby, which should be located in the center of the gasket hole.

4. Filling the DAC with compressing medium.

Having been loaded, the DAC is mounted into a special holder for applying pressure
for the sample via a liquid pressure medium. Methanol-ethanol mixture (with or without
water) [103,104], oil or different condensed gases: He, Ne, Ar, Xe, H, N, O, [105-109] can
be applied for this purpose. In the case of the experiments described in this Thesis, liquid

argon was used, being supplied into the DAC via a special setup shown schematically in

Fig.16. T
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Fig. 16. A schematic view of the apparatus, used for filling
of the pressure media into the DAC (after [110]).
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3.3. DAC preparation for measurements

While having diamonds not closely abut on the gasket, the DAC in the holder is placed
into the tube, which is then closed hermetically. An air is pumped out from the tube with the
following filling it with argon up to the pressure of 5 bar. This process is repeated for several
times in order to achieve pure argon in the tube. Gas inflow and outflow should
be done very slowly to prevent the movement of the sample inside the DAC. Finely, argon is
left in the tube under the pressure of 5 kbar and the dewar (Fig.16) is slowly filled with liquid
nitrogen. Since the argon boiling point is 10 degrees higher, than that of nitrogen [111], the
argon in the tube is condensed up to the level of the nitrogen in the dewar. When the dewar is
full, the DAC should be closed hermetically, using the external hydraulic system. In this case
a pressure of about 35 bar is applied to the diamonds in order to prevent argon outflow during
the tube heating. After the dewar is taken away, the tube has to be heated up to the room
temperature in a natural way, without use of any external warming devices. As it was
empirically observed, an accelerated heating of the tube can result in partial argon outflow
from the DAC. Besides, taking DAC off the tube can result in water vapor condensation on

the external diamond surfaces with further adhering of micro motes, being in the air.
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3.3.1. Traditionally used pressure sensors

3.4. DAC pressure sensors

3.3.1. Traditionally used pressure sensors

An ideal pressure sensor, used in the DAC during PL. measurements has to be
characterized by the following features [112,113].

1. High PL intensity and linear pressure sensitivity in the wide pressure range.

2. A weak temperature shift of the signal in the wide temperature range.

3. A small linewidth and little or no surrounding background.

4. The stability of the ambient crystal structure at high pressure.

5. “Tunability”, i.e. a possibility to be used at different wavelengths — in the same
spectral range with the emission of the sample, however a sensor signal should not overlap
with the measured spectra.

The first fruitful attempt in searching of a perfect pressure sensor was made by
Forman et al. in 1972 [114]. He has shown, that ruby (A1203:Cr3+) R-lines [R;=694.2 nm
(14406 cm'l) and R,=692.7 (14437 cm'l), a stronger and a weaker one, respectively] shift
linearly with the hydrostatic pressure and broaden, if the ruby undergo nonhydrostatic
stresses. It has also been reported, that the redshift of R; line is linear up to 195 kbar and the
ruby pressure coefficient is —0.77 cm™'/kbar [115]. This value turned to be constant with an
accuracy of 5% for a wide temperature interval: T=(4-300) K [116]. Besides, while
measuring an intensity ratio of R; and R lines, one has to estimate the temperature inside the
DAC with an accuracy of 1 K in the temperature range of T=(10-100) K [117]. Thus, a
possibility to control pressure, temperature and hydrostatic conditions in the DAC makes ruby
a very convenient sensor for high-pressure measurements [116,118-120].

Meanwhile, in high pressures and temperatures the R-lines of ruby reveal broadening
and decrease in intensity, what makes it impossible to identify the pressure precisely [117].
This problem led to searching of new pressure sensors, based on the PL measurement
principle. Table 5 contains the most important parameters of the materials, which can be
considered as PL pressure sensors. (For the convenience all the values were recalculated in
different units of measurement — nm, cm'l, eV). One can notice, that Cr3+:YA103 pressure
sensor is characterized by the highest sensitivity, as it has the largest pressure coefficient.
Promising candidates for such applications were reported various lanthanide ions, hosted in
different lattices [121-126]. As it follows from Table 5, Cr3+:YAlO3 is the only pressure

sensor, which can compete in sensitivity with ruby. Meanwhile, the lanthanides reveal smaller
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3.3.1. Traditionally used pressure sensors

Table 5. Basic parameters of various luminescence pressure sensors, operable in

the visual spectral range (after [126]).

) position at E E ’ d_T d_T ’ da dAldT
Material ambient e kbar: em/10°K: Ldp | dA/ dp’ | Transition | Ref.
. nrl)ﬂeslfllze’ev nm/kbar: nm/10° K; | kbar™? | kbar/10°K
o meV/kbar | meV/IO'K
14405.07 0.757 139.74 2E_L4A
Crit:ALO; | 694.2 0.365 6.8 0.049 | 186 doublet | [127]
1.786 0.094 17.325
3+, 13835.09 1.339 143.96 2 4
Cro:YAlOs | 79508 0.7 76 | 007 | 109 | F 8|
_______________________ 1715 | o166 | 17849 | | ] e o
17280.11 | 0.746 | (-14.94) 79 Sy 7
3+ Do—Fo,
Eu**:LaOCl | 578.7 0.25 05 | 0. | (0 e | 11241
________________________ 204 | 0093 | 85y || ] TSR LT
(17301.04)| (0.898) (-14.98) ¢ 5Do—F
Eu**:LaOBr | (578)" (0.3) 0.5 | 0.1 | a7 e | 12
______________________ 2145) | ©1in | asspy || | e
16931.93 0.565 -14.359 DR
Eu**:YAG | 590.6 0.197 0.5 | (©007)| 25 doee | 1122
_______________________ 209 | 007 | 1zzsze || ] O]
16186.47 0.780 5.24
16231.13 0.600 2.63
3, 617.8 0.298 0.2 0.023 7 ?—>°H, | [123]
SmT:YAG 616.1 0.228 0.1 0.02 4 multiplet
2.007 0.097 0.64947
_______________________ 2012 | 0075 | o3ess | | | |
14590.02 0.543 -2.129 DR
Sm**:SrB4Os| 685.4 0.255 -0.1 0.17 4 e | 121
_______________________ 1809 | 0067 | 026396 | | | S|
1454334 | 23239 -33.92 Do F
Sm**:BaFCl |  687.6 1.1 -1.6 0.48 15 et | 1120
_______________________ 1803 | 0288 | 420558 | | | SmEe |
14486.46 | 2305° -48.43 S, TF
Sm™:SrFCl |  690.3 L1 2.3 0.58 21 e | (126
179 | 028 | 600437 singlet
YT ~is a linewidht.
® The values in parentheses are estimated.
© Different values of — correspond to the same ones of —— (presented in bold print), as in the re-
P
calculation of the measurement units, different positions of the PL peak of the sensor at ambient pressure was
taken into account. The same concept was assumed during the ﬂ into d—E unit recalculation.
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3.3.2. Problem led to the search of new pressure sensors

temperature coefficients, as compared with ruby, so, they can be operable in the high-

temperature conditions. Thus, Sm**:YAG as well as Sm2+:SrB4O7 pressure sensors, which

have the smallest d—ﬂ and d—ﬂ d—ﬂ coefficients, can be used in the high-stress
dT dar dp

measurements, taken at temperatures up to 700 K [126].

All pressure sensors, listed in the Table 5 are operable in the visible spectral range.
H.Hua and Y.K.Vohra have reported first that room-temperature emission spectra of
neodymium-doped yttrium aluminum perovskite (Nd**:YAIOs) in the near-infrared spectral
range reveals several lines associated with N&* *F 3/2—>4F9/2 transitions [113]. These lines
undergo blueshift with pressure and two of them, centered at 866 and 875 nm (1.43169 and
1.41696 eV respectively), meet almost all the criteria of an ideal emission pressure sensor in
the range (0—800) kbar.

Recently S.Kobyakov et al. have shown, that neodymium-doped yttrium aluminum
garnet crystal (Nd>*:YAG) can also be used as a DAC pressure sensor operable at the
wavelengths around 950 nm (1.31 eV) in the pressure and temperature ranges (0—120) kbar

and (10-300) K respectively [128].

3.3.2. Problem led to the search of new pressure sensors

High-pressure PL measurements, performed in the framework of the experimental part
of this Thesis were carried out in the spectral range (900+2500) nm [(0.49+1.38) eV]. For this
purpose Judson J13TE2 PbS photoconductive detector was applied, which has the highest
spectral response in the range (1-3) um. Ruby, being used as a pressure sensor, emits, in turn,
red light at about 695 nm and can not be registered with the PbS detector.

Because of the dispersion of lenses, used in the experimental setup, the process of the
high-pressure PL. measurements which involve taking signal in visible range and infrared by
turns, usually includes numerous precise alignings of the optical system. In our case the PL
measurements at each pressure point are performed according to the following algorithm.

1. Focusing the laser beam on the pressure sensor (ruby) and aligning the optical setup,
using a detecting system, operable in the visible spectral range (in our case — Ocean

Optics High-Resolved Spectrometer HR 4000).
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of a very weak signal, coming from tiny ruby balls (and then reflected from a tilting mirror)
into a thin optical fiber connected with the Ocean Optics High-Resolution Spectrometer
(Fig.17). This procedure demands special operator’s skills and is usually very prolonged.

Therefore, a complete measurement of the sample (taken at more, than 10 pressure values)

3.3.2. Problem led to the search of new pressure sensors

Taking the emission spectrum of the pressure sensor (ruby).

Focusing the laser beam on the sample and aligning the optical setup with another
detecting system, operable in infrared (in our case — PbS detector).

Taking PL spectrum of the sample and re-focusing the laser beam on the pressure
gauge (ruby).

While observing the position of the PL peak of the ruby, increasing pressure

in the DAC until the required value achieved. (This process also usually results in the

misaligning of the ruby balls from the focused laser beam).

In this algorithm the first step is the most complicated one, as it consists in the guiding

becomes very time-consuming as well.

Cryostat

Lenses

Ruby PL signal

Monochromator

Mirror

Coupler

Ocean Optics
HR Spectrome ter

IR
detector

Optical fiber

Fig. 17. A schematic view of taking PL signal from the ruby balls (pressure sensors),
with the use of tilting mirror, which is taken away, when infrared PL of the
sample is measured. (The picture corresponds to the steps 2 and 3 of the
above mentioned algorithm).

Besides, the precision of the high pressure measurements, described in this Thesis

might also be increased, as it is limited at least by 2 factors:

the ruby pressure coefficient value;

broadening of the ruby linewidth with stress.
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3.3.3. InP-based crystals, alloys and quantum heterostructures

Thus, if there was a possibility to calibrate a new pressure sensor, which would be
more precise and operable in the same spectral range with the studied sample, the entire time
of the high-pressure PLL measurements along with a measurement error would significantly
decrease. This idea was the main motivation for seeking of a new pressure sensor, operable in

the infrared.

3.3.3. InP-based crystals, alloys and quantum heterostructures

During last 30 years numerous papers were published about high pressure optical
studies of III-V semiconductors, but InP-based materials ranked high among the reported
compounds. High-pressure PL. measurements of undoped bulk InP samples were performed
first at room [129-131] and later at liquid helium temperatures [132]. This material is
characterized by the energy gap equals 1.35 eV at T=300 K and 1.42 eV at T=0 K. It was
found, that an intense emission peak, corresponding to the direct-band-gap transition
underwent a sublinear blueshift with pressure, and this behavior was similar both at room and
at liquid-helium temperature. It was also shown, that the dependence of the peak position

E(eV) on pressure p(kbar) could be fitted with the following quadratic equation [129,132]:
EPL peak :EO +Bp+Cp27 (39)

where:

— Eyis a PL peak positition at ambient pressure;

— B=(7.5%0.2) meV/kbar; C=(—1.2+0.5)-102 meV/kbar” for 7=20 K;

— B=(8.4%0.2) meV/kbar; C=(~1.8+0.3)-10" meV/kbar for T=300 K.

S.W.Tozer et al. reported about further high-pressure investigations of InP in
comparison with GayIn; P (x=0.17, 0.36, 0.54) alloys [133]. The latter samples revealed
donor-bound-exciton and donor-acceptor pair recombination, which resulted in nonlinear
change of the direct band edge with pressure. This dependence could also be fitted with the
function (3.9), which has similar parameters as in the InP case: B=8.3 meV/kbar,
C=3.01-107 meV/kbar®. The crossing of conduction band minima /" and X in the case of

GaylIn, <P alloys is observed at lower pressures compared to InP (even at p. y =20 kbar for

Xx64=0.54), as with increasing of Ga-mole fraction the direct gap opens and low pressures are

needed to achieve band crossing. The extrapolation of the dependency of Ga mole fraction on
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3.3.3. InP-based crystals, alloys and quantum heterostructures

I—X crossover pressure made it possible to estimate the pp_y value for pure InP which was

found to lie above 120 kbar.

While considering InP and GalnP alloys for the usage as DAC pressure sensors,
described in the Section 3.3.2, one should notice, that there are two disadvantages, which
restrict such application. First, both sensors could not be operable in the infrared spectral

range. Second, due to crossing of /" and X conduction band minima at stress values p > p,_y
the PL intensity of GalnP alloys decreases exponentially and the sign of the pressure
coefficient changes [133]. This feature makes impossible to use a pressure sensor at stresses,

exceeding p 4 value. In this sense InP sensor could be more suitable, but its working range is

also limited by a very sharp and irreversible rocksalt phase transition, which takes place at
p~=106 kbar.

In the quoted publications the authors’ task was not to calibrate a new InP-based
pressure sensor. Nevertheless, an intense PL line and extremely high pressure coefficient B of
the researched structures (almost 80 times greater, than that of ruby) was remarkable. Thus,
these results were a strong motivation for seeking for new III-V materials, which could be
applied as effective DAC pressure sensors.

Later on a group of researchers — W.Trzeciakowski, T.P.Sosin and P.Perlin with co-
authors performed optical pressure calibrations of different III-V-based quantum structures.
Having analyzed high pressure PL and absorption behaviour of various QW samples the
authors note, that InP-based quantum wells surpass GaAs-based ones [134-136], as the latter

structures are characterized by low-pressure /=X crossover ( p = 40 kbar ) and different QW

samples are to have different calibrations. The possibility to use GaAs-based structures in the
infrared spectral range was not discussed.

In 1995 T.P.Sosin, W.Trzeciakowski et al. have reported about calibration of
InAsP/InP quantum wells in the range of (0+100) kbar for T=300 K and T=80 K [137]. It was
found that the pressure-induced blueshift of both QW and substrate PL lines could be fitted
with the equation (3.9) with the same fitting parameters: B=8.3 meV/kbar and
C=0.02 meV/kbar®. The authors stress, that the studied sample was not optimized as a
pressure sensor because the higher signal intensity and smaller linewidth had not still been
obtained. But nevertheless, being characterized by a high pressure coefficient and while
working in the IR spectral range, InP-based quantum structures would evidently benefit as
possible candidates for new pressure sensors, in particular described in the 3.3.2 Section of

the present Thesis.
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4. THE AIMS OF THE RESEARCH

Consequently to the state-of-the-art, concerned Cr**-doped II-VI semiconductors and
the properties of actually used pressure sensors for DAC, the main aims of the present PhD

research can be formulated as follows.

1. To investigate and compare the features of vibronic and spin-orbit interactions in

ZnX:Cr** semiconductors with different anion type (X=S, Se, Te) using a high-
pressure PL. measurements.
To realize this purpose high liquid-helium temperature hydrostatic pressure PL studies
of ZnX (X=S, Se, Te) samples should be performed. As a result the influence of the
interionic distances on the intrashell 5E—>5T2 transition of Cr** ion will be studied
dependently on the anion type, embedded in the crystal. The dependence of emission
in ZnX:Cr** (X=S, Se, Te) compounds on hydrostatic pressure can reinterpret the
previously reported observations.

2. To study the unidentified ZnSe:Cr** optical transition responsible for the near-

infrared PL band, centered at ~1.25 eV.
The low-temperature high-pressure hydrostatic studies of the ZnSe:Cr** sample should
be performed and the results should be analyzed on the basis of the previously
described theoretical behaviour of Cr** ion energy terms with the crystal field
increase.

3. To calibrate new InP-based high-pressure sensors, operable in the infrared
spectral range and being characterized with the working parameters, exceeding
those of ruby gauge.

In order to realize this purpose one should study several InP-based multi quantum
wells (MQWs), which differ with structure and, consequently, with the ambient-
pressure emission line position. Temperature and excitation power dependences of PL
should be studied for all MQWs in order to determine the applicability range of new
sensors and their accuracy. High-pressure measurements should be performed in

different temperatures in order to try to find the explicit form of the function (3.9)
EPL peak = EO +Bp+ sz’
which can describe Epppea=f(p) dependencies of all the MQWs at each temperature to

within the position A of the PL peak at ambient pressure. Then, these Epypea=f(p)

dependencies can be used as calibration curves of new InP-based pressure sensors.
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ZnS:Cr** crystal was grown in the Lawrence Livermore National Laboratory
(Livermore, USA) by the chemical vapor transport (CVT) method. Afterwards it was
diffusion-doped with chromium as it was described by K. Graham et al. [138]. The sample
was cut into slices, which had a shape of slightly wedged (0.4 degrees) rectangular with an
area and a thickness of 5x5 mm” and 1 mm respectively. The crystals had a daffodil color.

ZnSe:Cr** sample was grown in the ON1 Division of Physics of Semiconductors of
the IF PAS (Warsaw, Poland). Synthesized powder of ZnSe and pure Cr metal were used as
source materials for ZnSe:Cr** crystal growth. The crystallization process took place at 1550
°C in the open ampoule, filled with nitrogen gas at pressure 50 atm (5MPa). Crystallization
velocity was about 1.5 mm/h. After growth the crystal was cut into slices up to 1 mm thick,
which had vinous color.

ZnTe:Cr** sample was also obtained in the ON1.1 Division of the IF PAS (Warsaw,
Poland). The crystal was grown, using high-pressure Bridgman technique. The Zn, Te and Cr
mixture was heated up to 1400 °C for 24 hours and melted completely. Then the ampoule was
pulled through the furnace at various speeds 1.5, 2.5 and 5 mm/h. During the growth process
the nitrogen pressure in the chamber was kept at about 30 atm (3MPa). The temperature
gradient in the growth region was about 60 °C/cm. When the top of the ampoule reached the
temperature below 1100 °C, the growth was finished. Afterwards the crystal was cut into
slices up to 1 mm thick, which were black colored.

While being prepared for the high pressure PL measurements, all the bulk samples
were polished from both sides up to ~25 pum thick and then cut with a chirurgical scalpel into
pieces up to ~120 pm in length and width.

InP-based MQWs. The samples of multi-quantum wells (M1217 — InAsP/InGaP,
M1342 — InAsP/InGaAsP, M1352 — InAsP/InP) were grown by MBE method in the EPSRC
National Centre for III-V Technologies, University of Sheffield (Sheffield, UK). They had the
structures, shown in Fig.18. The growth parameters of the quantum well are presented in
Tables 6-8. For the high-pressure measurements all the samples were etched down up to
~30 um thick. After this procedure all the samples look like identically black from both
surfaces — QW and substrate ones. Thus, before the loading of a sample into the DAC the
following procedure should be done. Every sample has to be divided into two pieces and
glued with silver paste to the cryostat sample holder with two opposite surfaces upwards. The

preliminary low-temperature PL. measurements should be taken from both pieces. Then a part
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of the sample, glued with quantum well surface upwards has to be taken very carefully onto
the microscope slide. A drop of acetone is dripped from above gingerly to prevent the turning
over the sample during its further cutting into pieces (up to ~120 um in length and width).
One piece, which is desirable to be of irregular shape, has to be loaded into the DAC. The
shape of this piece should be previously drown on the paper in order to be sure, whether the
sample is still being loaded into the cell with the substrate towards the culet surface.

This procedure makes it possible to save time during the experiment significantly, as
it excludes the case when high-pressure measurements had already started but the sample
turned out to be placed in the DAC with the substrate surface towards the excitation laser

beam. (Such a situation demands unfreezing the DAC and its reloading).

M1217
3000 A — InP, doped with Be
1250 A — InP M1342
250 A — In,Ga, P (x=0.92)
80 A — In As, P, (x=0.6) }X 4 1500 A — InGaAsP
500 A — In,Ga, P (x=0.92) 80 A — InAsP
80 A — In,As, P, . (x=0.6) 150 A — InGaAsP a
250 A — In,Ga, P (x=0.92) 80 A — InAsP
750 A — InP 1500 A — InGaAsP
3000 A — InP, doped with Si 2000 A — InP

InAsP/InGaP InAsP/InGaAsP

M1352

220 A — InP
x20
80 A —InAs P,

3000 A — InP

InAsP/InP

Fig. 18. A schematic view of the growth sequence of InP-based quantum structures.
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Table 6. Technological growth parameters of the InAsP/InGaP (M1217) sample.

Rpt: Thl(i()n ess Material: T, x): Dopant: Type: Conc.:
1 3000 InP 471 Beryllium p 210"
1 1250 InP ud
1 250 In,Ga, <P 0.92 ud
5 80 InAs,Pix | 459 | 06 ud
4 500 In,Ga, P | 458 | 0.92 ud
1 250 In,Ga; P 0.92 ud
1 750 InP 476 ud
1 3000 InP 498 Silicon n 210"

InP n+ Substrate

Table 7. Technological growth parameters of the InAsP/InGaAsP (M1342) sample.

Rpt: Thl(i()n ess Material: T, x): Dopant: Type: Conc
1 1500 InGaAsP 501 ud

o] o]

4 150 InGaAsP = ud 2

5 80 InAsP s 2 ud £

2 2

1 1500 InGaAsP 5 ud 5
1 2000 InP 502 u/d ud

InP n+ Substrate

Table 8. Technological growth parameters of the InAsP/InP (M1352) sample.

Rpt: Thl(i()n ess Material: T, x): Dopant: Type: Conc.:
20 220 InP 505 | o undoped ud .

D] [P]

20 80 InAs,Pi | 503 | 2 | undoped | ud ==
1 3000 InP 503 | ° undoped | ud =

InP n+ Substrate

50




6. EXPERIMENTAL RESULTS AND DISCUSSIONS

6.1. Preliminary (ambient pressure) optical studies of ZnX:Cr?* (X=S, Se, Te) crystals

6. EXPERIMENTAL RESULTS AND
DISCUSSIONS

6.1. Preliminary (ambient pressure) optical studies
of ZnX:Cr** (X=S, Se, Te) crystals.

Absorption. The absorption spectra of all ZnX :Cr** (X=S, Se Te) crystals were taken
with the use of Cary 5000 UV-Vis-NIR Spectrophotometer at T=300 K. All the samples were
about 1 mm thick and polished carefully before measurements from both plane-parallel sides.
The results of the absorption measurements are shown in Fig. 19. The peaks of absorption
bands are centered at about 0.73, 0.70 and 0.69 eV (5900, 5650 and 5600 cm'l) for Cr-doped
ZnS, ZnSe and ZnTe crystals respectively, what corresponds to the values, given in the

literature [5,70]. These bands are associated with T,—E optical transition (Fig. 20 (b)).
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Energy (eV)

Fig. 19. Room-temperature absorption spectra of ZnX:Cr** (X=S, Se, Te) samples.

The different absoption peak intensities are due to the different chromium dopant
concentration in the studied samples, which can be estimated via the relation [139]:

o0=no . (6.0

Here o is the absorption cross-section related to the absorption coefficient o at a single

frequency for n number of atoms per unit volume. At room temperature the absorption cross-

section values for Cr-doped ZnSe, ZnTe and ZnS were reported to be 8.7-10°" cmz,
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6.1. Preliminary (ambient pressure) optical studies of ZnX:Cr?* (X=S, Se, Te) crystals

1.23-10"® cm? and 5.2-10™"? cm? relatively [140]. Thus, taking into account the maxima of the
aborption coefficient (Fig. 19), one can estimate, that the chromium dopant concentration
is 7.9-10"® cm™, 3.1-10" em™ and 1.3-10% cm™ for ZnSe:Cr, ZnTe:Cr and ZnS:Cr sample
respectively.

Photoluminescence. Ambient pressure PL studies were performed at liquid-helium

temperature.

First “thick” and then “thin” samples (grinded and polished up to ~1 mm and ~25 pm
thickness respectively) of ZnX:Cr (X=S, Se, Te) compounds were used to carry out
preliminary PL. measurements. (“Thin” crystals are studied to estimate, whether PL signal
intensity is high enough to use the sample for the further high-pressure measurements).

Emission spectra of ZnA:Cr (A=S, Se) crystals were excited by the 514.5 nm and
488 nm argon-laser lines and measured using Lomo MDR-2 Monochromator, Hamamatsu
(P819) solid CO,-cooled PbS detector and a 7265 DSP EG&G Instruments Lock-in amplifier.

PL spectra of both samples reveal a broad band associated with >E—’T) intrashel
transition (Fig. 20 (a)). Due to Jahn-Teller effect the band is split into two subbands centered
at about 0.557, 0.62 eV (ZnS:Cr**) and 0.535, 0.584 eV (ZnSe:Cr™).

Ambient-pressure ZnTe:Cr* spectra were excited with the same laser and lines and
measured with the use of DIGIKROM 240 monochromator equipped with a Judson J13TE2
thermoelectrically cooled PbS detector and a SR 530 model Standford Research lock-in

amplifier.

T T T T T T T T T T T

PL intensity (arb. units)

040 045 050 055 0.60 065 070 075
Energy (eV)

Fig. 20. Low-temperature PL spectra of ZnX:Cr
(X=S, Se, Te) samples at ambient pressure (a);
and schematic illustration of the transitions,
responsible for the observed PL spectra
and absorption band (b).
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6.1. Preliminary (ambient pressure) optical studies of ZnX:Cr?* (X=S, Se, Te) crystals

As one can see in Fig. 20 (a), as well as in the case of ZnA (A=S, Se) spectra, the PL
band of ZnTe:Cr?* sample also characterized with a 5E—>5T2—associated broad band, but
consisting of three subbands centered at about 0.523, 0.553 and 0.596 eV and being a
consequence of combine effect of Jahn-Teller splitting and spin-orbit coupling. Schematic
illustration of the energy transitions, responsible for the observed absorption and PL spectra
(in the approach of M. Kaminska et al. [4]) is presented in Fig. 20 (b). One can notice that the
shape and peak positions of all the PL bands are in a good agreement with the experimental
data, reported in the literature and described in the 2.2.4 Section.

Ambient-pressure low-temperature PL measurements of ZnSe:Cr** sample in the
range of 1.25 eV were carried out with the use of liquid-nitrogen cooled S1-type EMI 9684B
photomultiplier tube (Fig. 21). The spectra were excited by 514.5 nm of argon-ion laser.

A zero-phonon line with a peak at 1.328 eV revealed on the “thick” sample, but was
not observable on the “thin” one. Such an effect can be explained by the significant
broadening of the ZPL line, which is a consequence of the following factors:

— deficient amount of C7** ions in the “thin” sample for the zero-phonon line to be
registered with the applied detecting system;

— one-axis deformation effects, which may occur in the “thin” sample, as a result of

being glued with a silver paste before measurements [141].

"Thick"
(1 mm in thickness)
sample

"Thinll
(5 um in thickness)
sample E=1.328 eV

PL intensity (arb. units)

.10 1.15 120 125 130 135 140
Energy (eV)

Fig. 21. Ambient-pressure PL spectra of the “thick” and “thin” ZnSe:Cr samples taken at T=10 K.
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6.2. High-pressure ZnX:Cr** (X=S, Se, Te) studies

Preliminary ambient pressure studies were followed by high-pressure measurements
performed using a Diacell Products MCDAC-1 diamond anvil cell. It was mounted into an
Oxford 1204 cryostat equipped with a temperature controller for low temperature
measurements. For each sample the same equipment and excitation were used, as in the case
of preliminary ambient-pressure studies outlined in the previous 6.1 Section. All the
measurements of ZnX (X=S, Se, Te) crystals were taken at T=10 K. The obtained spectra
were corrected for the quantum efficiency of the system.

The hydrostatic conditions were monitored by recording of the full width at half
minimum (FWHM) of the ruby emission. The increase of the linewidth of R; ruby line with
stress growth was observed in the measurements, however, for the pressure values about
100 kbar the FWHM did not exceed 5 cm™. (At ambient pressure FWHM is about 2.5 cm';

1 meV = 8.065 cm™). It means that the non-hydrostatic effects were rather weak.

6.2.1. ZnS:Cr** high-pressure PL

High-pressure PL of ZnS:Cr** sample was studied in (0+83.3) kbar stress range
(Fig. 22). One can see, that the shape of the band is almost independent of the applied
pressures.

The observed spectra can be qualitatively interpreted, using the schematic
configuration coordinate diagram for the *E and T states, proposed by M. Kaminska et al. [4]
and shown in Fig. 20 (b). Here the “a”, “b” and “c” transitions correspond to three subbands,
usually observed in the PL spectra of Cr-doped II-VI semiconductors. In the case, when spin-
orbit coupling is absent, the ground terms of the “c” and “a” transitions coincide, and the
parabolas, standing for 5E(5 T>) and 532(5 T,) terms cross in “0” point in the configuration
coordinate diagram, as it is shown with a dashed curve in Fig. 13.

The PL band of ZnS:Cr crystal, being associated with 5E—>5T2 transition does not
reveal the features, arguing about the presence of experimentally observable spin-orbit
coupling of the °T5 term. The “c” transition (Fig. 20 (b)) practically does not reveal itself as a
separate subband neither at low nor at high pressures. And the peak marked as “c+a” in

Fig. 22 (a) thus, can be assumed as a sum of two very closely located subbands, responsible
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2 .2

for ”’c” and “a” transitions shown in Fig. 20 (b)), which arise from the combined Jahn-Teller

effect and extremely weak spin-orbit coupling.
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Fig. 22. Pressure dependence of ZnS:Cr PL band, taken at T=10 K.
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Fig. 23. Pressure dependencies of the spectra position of Cr** PL maxima in the ZnS:Cr
crystal at liquid-helium temperature.
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Fig. 23 presents the pressure dependences of the spectral position of C/** PL maxima
in the ZnS:Cr crystal. It is seen, that the peaks shift nearly linearly with stress increase, and
the pressure coefficients were found to be about 7.1 and 7.6 cm'/kbar for “a” and “b”
subbands respectively.

Taking into account, that JT effect is approximately pressure-independent (both
pressure coefficients k, and k; are almost equal), and the spin-orbit interaction is not evinced
on the PL band at high-pressure conditions, one can assume the following.

1. The spin-orbit coupling in Cr-doped ZnS crystals is extremely weak.
2. The hybridization of electron shells of the central and ligand ions does not result in the
spin-orbit parameter 4 change.

Thus, the approach of § ligand to Cr central atom does not result in the increase of the
combined effect of Jahn-Teller distortion and spin-orbit coupling. Further (6.2.2 and 6.2.4
Sections) it will be shown, the effect of high-pressure conditions on the PL properties of
ZnS:Cr sample turned out to be the weakest one in comparison with the other Cr-doped ZnSe

and ZnTe samples.
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6.2.2. High-pressure PL of ZnSe:Cr** (0.6 eV band)

The photoluminescence band centred at 0.6 eV were investigated within (0+-80) kbar
pressure range (Fig.24). The two-humped band (with “a” and “b” subbands) evidently
belongs to the E—’T, transition, which in ZnSe:Cr was investigated in details by
M. Kaminska et al. [4]. In addition, a variation of the d-orbital energy of JT distorted T,
complexes was studied also by R. Valiente and F. Rodriguez [142]. It has been reported, that

both T, and °E terms exhibit the Jahn-Teller (JT) effect and the value of JT energy & L Was
extracted from the line shape fit to observed spectra. (As it was already mentioned in 2.2.4
Section, the JT energy of the 5T2 ground state was deduced to be €, (5T2) =340 cm™! and the
JT interaction in the excited °E state, was found to be much smaller: € I (5E) =40 cm’ [4)).

Besides, while comparing the crt spectra in ZnS, ZnSe and CdTe, it has been shown that in
ZnSe the spin-orbit splitting of the °T, term is negligible. This was explained by the particular

ratio of the admixture of ligand p function to the d function [4].
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Fig. 24. Pressure dependence of the liquid-helium ZnSe:Cr PL band centered at 0.6 eV.

But a more detailed inspection of the result of high-pressure PL. measurements shows

that at higher pressure an additional subband “c” appears at the low energy side of the
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spectrum (Fig. 24). At 82 kbar, this extra subband centred at energy of about 0.58 eV, in
addition to two other peaks at 0.62 eV and 0.68 eV. Fig. 25 shows pressure dependencies of
the spectral positions of the Cr’* luminescence maxima in the ZnSe:Cr crystal at low
temperatures. From this graph follows that the energy maxima of “a” and “b” subbands
increase nearly linearly with increasing pressure. The pressure coefficients of these maxima
equal to about 8 cm'/kbar and are similar with those for ZnS:Cr sample.

One has take into account, that in a standard CF point charge model, the SE—T,
transition energy depends only on the cubic CF parameter A and it is given (in CGS units) as
[12]:

10 e <rt>

A =10D
1 6 R’

(6.1.)

where:
— R is the interatomic distance between Cr and Se ions approximated by the Zn—Se
separation;

—<r" > can be obtained by the expression < r" >= ,[R3d r"dr

— Ze is the charge of the ligand ion.
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Fig. 25. Pressure dependencies of the spectra position of Cr** PL maxima of the ZnSe:Cr
crystal at liquid-helium temperature.

Hydrostatic pressure reduces the distance R and then A can be scaled from the value

for ambient pressure using the Murnaghan scaling factor [143]:

58



6. EXPERIMENTAL RESULTS AND DISCUSSIONS

6.2.2. High-pressure PL of ZnSe:Cr?* (0.6 eV band)
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where By = 624 kbar is the bulk modulus and B’y = 4.77 is its pressure derivative for ZnSe
crystal [144,145]. The calculated pressure dependencies of interatomic distance changes A R
and changes of the cubic CF strength parameter A Dg are shown in Fig. 26.

The change of Dg is slightly bow-shaped. Further on, this dependence was
approximated as linear. Therefore, as it is seen from Fig. 26, the pressure coefficient of Dgq is
close to 8 cm'/kbar, what is in a good agreement with the pressure coefficients of “a” and “b”

components of the 0.6 eV band.
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Fig. 26. The calculated changes of R and Dg with pressure.

The transition between the ground and the first excited term is accompanied with the
conversion of one e electron by the energy 10Dgq. The conventional Tanabe-Sugano diagrams
[12] show the CF term energies for a particular value of the crystal-field strength parameter
Dq. The Tanabe-Sugano diagram for the lowest six CF terms of the d’ electronic
configuration in a tetrahedral CF is shown in Fig. 27.

According to the theoretical ideas, presented in 2.1.2 Section of the Thesis, the energy
surface of the °E term has the form of a “Mexican hat”. The ground sublevels of the 5T2 term
are split. This splitting is determined by the equilibrium position of the ’E term on the

coordinate configuration diagram. Since the estimation based on the CF theory suggests
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different tetragonal coupling constants for both terms the observed energy distance of
380 cm™ is not equal to the splitting 3E;r of the °T term at its equilibrium deformation. The
energy value of 3E;r obtained from the direct absorption between sub-levels of the T term is
3-4 times larger. The ligand displacements from the equilibrium position is proportional to the
electron-lattice coupling constant while the JT splitting to the square of this constant. Taking
into account these peculiarities, one can find that the equilibrium displacement of the ligands

for the E term is approximately equal to half of that for the °T5 term.
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Fig. 27. The Tanabe-Sugano diagram for the six lowest CF terms of the d*
configuration in a tetrahedral crystal field.

The luminescence shows broadening not only due to rotation about the tetragonal axis
for the °E term but also due to the breathing vibration around the equilibrium position which

influences directly 10Dg. The amplitude of such vibration can be estimated from the relation

kQ; = hw. Taking hw= 300 cm’' one can obtain that the maximal amplitude is AR~0.05A.

Therefore the total shift for inside and outside motion around the equilibrium is about 0.1 A.
As it is shown in Fig. 26, the shift of AR=0.05 A s equivalent to the application of pressure
equals 50 kbar. The corresponding shift at the value of A10Dq is about 500 cm™. Thus, the
thermal vibration of ligands around their equilibrium causes harmonic oscillation in the

average value of 10Dg of about 500 cm™.
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6.2.3. The nature of 1.25 eV-centered ZnSe:Cr PLband

Hydrostatic compression leads to a decrease of R and, hence, an increase of cubic CF.
It is clearly seen in Fig. 24 and Fig. 25, where both peaks of the 0.6 eV emission show
positive pressure coefficients equal to about 8 cm’'/kbar. Certainly, hydrostatic pressure does
not change the site symmetry of the centre, but it can change the amplitude of tetragonal
distortion.

A more accurate description of the 5E<—>5T2 optical transitions of Cr** ions in II-VI
compounds requires taking into account both Jahn-Teller and spin-orbit interactions [4].
Accidentally, at ambient pressure the spin-orbit interaction parameter is very small for
ZnSe:Cr**, however it is not equal to 0, as far as for the other Cr-doped II-VI compounds it
results in the splitting of the 5E—>5T2 luminescence band into three sub-bands, instead of the
two sub-bands observed at ambient pressure ZnSe:Cr. The appearance of the additional
“c”-subband with pressure increase can be explained by the pressure induced admixture of
ligand wave functions into the central ion wave functions (the nephelauxetic effect) [146].
It is known that even a small admixture of the ligand wave functions may have a significant
influence on the spin-orbit parameter [4]. The nephelauxetic effect obviously increases with
applied pressure [147] and changes the value of the spin-orbit parameter, which explains the
appearance of the additional band in the ’E—’T, luminescence spectrum and changes in the

intensities of the sub-bands.

6.2.3. The nature of 1.25 eV-centered ZnSe:Cr PL band

In order to identify the origin of ZnSe:Cr emission band, centered at 1.25 eV, it was
studied under high pressure within (0+55) kbar range at liquid-helium temperature. The
1.25 eV band is broader and does not exhibit any splitting, in contrast to the 0.6 eV band.
Besides, the 1.25 eV PL peak undergoes a red-shift with pressure increase, as one can see in

Fig. 28 and Fig. 29. Thus, the pressure coefficient of this PL band is negative, and its absolute

value [k, = (-10.6+0.5)cm™ /kbar] turned out to be similar to the pressure
coefficients of “a” and “b” subbands of the 0.6 eV band [k, = (7.9+0.4)cm™ / kbar and
kf’ = (8.7+0.7)cm™" | kbar].

The zero-phonon line, observed at around 1.328 eV in the case of bulk “thick” sample

didn’t reveal itself in the high-pressure measurements as well. As it was mentioned earlier, the
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6.2.3. The nature of 1.25 eV-centered ZnSe:Cr PLband

deformations effects, present in the sample, being under high hydrostatic pressure can
provoke the extreme broadening of the zero-phonon line, what, in turn, makes it unobservable
on the spectra [141]. Besides, very thin samples used in the experiment and, consequently,

low intensity of emission limits in the DAC the spectral resolution of the data.
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Fig. 28. Pressure dependence of the liquid-helium ZnSe:Cr PL band centered at 1.25 eV.
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crystal at liquid-helium temperature.
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6.2.3. The nature of 1.25 eV-centered ZnSe:Cr PLband

As it follows from the Tanabe-Sugano diagram, 3T1—>5T2 transition is the most
probable candidate for the origin of this band. The 7T, state is the second excited state of Cr**
ion in tetrahedral CF. The relatively large energy of this transition and the relatively large
energetic distance from the first excited “E state makes the radiative transitions from this level
quite probable.

There are a few 3T2 and 3T1 terms within the d* configuration. The two lowest terms
shown in Fig. 27 consist mainly (about 90 %) of the t,¢’ configuration. Therefore, both terms
should undergo tetragonal distortion and the transition from these terms to the ground T
level should show splitting. However, in both terms the ¢’ electrons are shared in a different
manner among the d,=v and d,=u orbitals, and this makes the essential difference in their
behavior. One can illustrate this in a detail.

The diagonal matrix elements of tetragonal distortion (elongation or contraction along
z axis) for the d states are:

<xzllxz>=<yzllyz>=V/7,

<xyllxyl>=-2V/7, (6.3)
<ullu>=2V/7,

<vllv>=-2V/7.

Here Il denotes the corresponding operator of tetragonal distortion and V is the JT
coupling constant. The z components of the wave function in form of the Slater determinant
of the term under considerations are [12]:

I3le>:|xy,u,g,v> (6.4)
and
PT,,>=Ixy, u,v,v>, (6.5)
where the opposite spin orientation is underlined. The tetragonal distortion for the considered
components is:
TP Tiz>=(-2/7+2/7+2/7-2/7)V=0 (6.6)
and

TP To>=(-2/742/7-2/7-21T)N=-4V/1. (6.7)

Therefore, within this approximation the 3T1 term is not JT active while the 3T2 term shows a
strong distortion. Since the final term for the luminescence starting from non distorted T}
term is also free of distortion we conclude that the 1.25 eV luminescence is the 3T1—>5T2

transition. Certainly, 3T1 consists of around 10% of other electron configurations (6 of total 7)
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which produces some residual distortion. However, the 3T1—>5T2 transition is rather strongly
crystal field dependent and the expected splitting is hidden in the thermal width of
luminescence line.

The two excited terms involved in luminescence show also different breathing distortions.
Taking the 7, term with the configuration r,°¢’ as reference equilibrium for the ligand
tetrahedron, the term “E with the configuration ,’e produces enlargement of the tetrahedron
while the term 3T1 with configuration t2€3 produces its contraction. This means, contrary to the
Tanabe-Sugano diagrams, little difference in Dq for both transition lines and additionally, the
different portion of the Coulomb repulsion energy in transition. The latter comes from the
different degree of covalence (the admixture of the ligand functions to the 3d functions —
again the nephelauxetic effect) in each term separated by quite large energy intervals. Thus,
the energy difference between °E and T, is not pure 10Dgq energy. This, at least partly,
explains some small difference in the absolute values of the pressure coefficients for the 1.25
eV and 0.65 eV lines. Although the luminescence between the 3T1 and °T, can be easily
detected, the spin-forbidden character of the 3T1<—>5T2 transitions makes them difficult to be
observed in the absorption spectra.

One can speculate that 1.25 eV band is due to the Cr'* charge state. The Cr**—Cr'*
photo-transformation process upon illumination of the crystal by the argon ion laser light was
reported in ZnSe:Cr crystals in [148]. The possible candidate for this would be the T—%A,
transition within the d° electronic configuration of the Cr'* ion. However, such a transition
should be observed at much higher energy, according to the Tanabe-Sugano diagrams for the
& configuration (calculated also with the parameters for Ccr'h) [149]. Hence, one can assume

that both luminescence bands belong to the cr** charge state.

6.2.4. High-pressure PL studies of ZnTe:Cr**

The emission band, corresponding to >’E—’T) transition of ZnTe:Cr** was studied as a
function of hydrostatic stress within (0—102.5) kbar pressure range (Fig. 30). As compared
with a similar emission for ZnSe:Cr**, the fine structure consisting of three peaks (marked on
the graph) is clearly resolved. The pressure dependence of maxima positions for the
corresponding lines is plotted in Fig. 31. The shift of the lines in average as whole is due to

increase of the strength of the cubic crystal field A= 10Dgq. The energy separation between
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the lines is increased as well. Further this splitting will be interpreted as the combined action
of the JT instability in the excited "E term and both JT and spin-orbit splitting in the ground
°T;, term. As compared with ZnSe:Cr** the average shift is 20-25 % larger. This is related to
the lower value of the bulk modulus By = 510 kbar for ZnTe as compared with the value of

By=624 kbar for ZnSe crystals [144,145].
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Fig. 30. The luminescence spectra of the ZnTe:Cr** crystal as a function of hydrostatic pressure at
T=10 K, excited by the 514 nm argon-ion laser line.
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Fig. 31. Pressure dependencies of the spectral position of the Cr** emission maxima of the
ZnTe:Cr crystal at T=10 K.
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6.2.4.1. Discussion: "’E«<"T, emission and absorption [150]

The ligands surrounding Cr** ions in II-VI compounds are tetragonally distorted along
one of cubic axes. Since none of the axes is statistically preferred we consider in detail the
distortion along z axis only. The description of tetragonal distortion caused by JT coupling
differs from that given by the classical tetragonal crystal field. Both descriptions are used to
interpret the optical spectra. However, there is only a limited compatibility between the
parameters derived within the framework of both descriptions. This point will be discussed by
making the parallel considerations.

The ground °T; term s strongly coupled to e type JT distortion (the T-e problem). The

matrix of distortion energy along only z axis is given as [55]:

/2 0 0
ET)=V,| 0 1/2 01Q,. . 6.8)
0 0 -l

In the point-charge approximation of ligands, the value of V7 is equal to:

v, _Z8\/§{<r2> +§<’”4>], (6.9)

7 | R 27 R

where Z is a ligand charge. To explain consistently the previous absorption/emission and EPR
studies with these high pressure emission studies we draw one-electron levels and many-
electron terms with account for the JT instability and spin-orbit (SO) coupling. Fig. 32
presents occupation of one-electron levels appropriate for the *T term.
In this figure the JT splitting is shown assuming a positive sign of the corresponding
JT coupling constants V7. The slope of 1, d levels is proportional to the coefficients entering
the matrix (6.8) and the scaling due to V7 are omitted. The e levels change according to the
matrix for °E term as given below. The occupation on the left side of Fig. 32 originates in the
energy gain of E;r = V//k, where k is the elastic force constant. The occupation on the right
side gives energy gain E;7/4 and does not correspond to real physical situation. The splitting
of the °T; term corresponding to occupation in Fig. 32 is shown in Fig. 34 and it is caused by
the compression along z axis. If one assumes a negative Vr, then it is necessary only to change
the direction of axis of distortion Q. . ..
The tetragonal crystal field splitting of °7T is given as [151]:
ECE) = Bs — 4Ft, (6.10)
ECB,) = — 2Bs + F, (6.11)
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2r) 8
where B and F are numerical coefficients and s = o t= o1

. These energies can

be partly derived from the JT coupling matrix. Looking at the formula for V; one can

recognize that the first term in brackets, when multiplied by ngz_rz , can be associated with

Bs, while the second one — with Fr. The analogy is not full because Ft enters expressions
(6.11) and (6.12) with opposite sign and different coefficients. The point is that we consider

the JT coupling linear in displacementsQ, . .. There is also a term quadratic in the

displacement, which produces in the lowest order the contribution proportional to <r*>, which
gives additional contribution to Ft. Equivalently this quadratic term can be considered as a
correction to the elastic energy term. The expression of type (6.11) and (6.12) are usually
derived by Stevens method of equivalent operators [55] and is totally based on the proper

account of defect symmetry.

d.d

zZX> Tzy

5T2 term (5B2)

V>0 A

Tetragonal distortion Q2 2

Fig. 32. The occupation of one-electron d orbitals appropriate for the ground °T, term. The JT splitting
(without inclusion of the elastic energy) under tetragonal distortion Q3Z2_r2 is shown. Having

provided V> 0, the energy minimum corresponds to contraction along the z-axis.

In case of the E term there is also a coupling to tetragonal distortion (the E-e

problem). The coupling energy matrix is the following:

gy =v|l Y 6.12)
—VE 0 -1 Q3z2—r2 :
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The JT coupling constant for this term is equal to:

—7 8\/5 <r24> _é <r46> , (6.13)
7 | R® 9 R

Vi

The o, Pauli matrix is the coupling energy matrix and apart from the sign differs from that in
the custom description of E-e problem [56], which does not coincidence with the convention
of the classical tetragonal distortion of the crystal field. The first term in brackets in the
expression for Vrand Vg is the same while the second enters with the opposite sign. From this
follows that | Vg I<I VrI. One electron occupation for the °E term is shown in Fig. 33 and the

corresponding terms are shown in Fig. 34.

d.d

zZX> Tzy

°E term (5A1) A
V>0 5

d; 272 0

Tetragonal distortion Q, 2 2

Fig. 33. The occupation of one-electron d orbitals appropriate for the excited °E term. The JT splitting
(without inclusion of the elastic energy) under tetragonal distortion Q3Z2_r2 is shown.

Having provided Vi > 0, the energy minimum corresponds to elongation along the z-axis.

When °T,—"E transitions take place the °E term splitting is governed by V but they
take place at distortion coordinate Q, . . =-V;/k. Therefore the resulting splitting of °FE
term (it is not at its equilibrium distortion) is proportional to Vg V7. Using the expression for

the JT energy in the ground (EJT=VT2/k) and in the excited term (E]T=VE2/k) one can make

replacements:

V,Vy = Ep(av)2k = [E; (V,)E,p (E) 2k . (6.14)
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The separation between terms “A; and B; is equal to 4E(av). The tetragonal crystal field
splitting of °E term is given as [151]:

ECA;) = 2Bs +64Ft, (6.15)

ECB)) = - 2Bs + Ft. (6.16)

Again, Bs term can be associated with the first term in brackets in the expression

(6.13) for Vg, while the second term is associated with Fz. The tetragonal crystal field

expression also contains the contribution from the quadratic JT coupling (this coupling is

responsible for the warping of the "Mexican Hat" surface in the E-e problem). After

absorption process the electron configuration changes from n’e® to t’e and the new

equilibrium is searched. The °E term has two equilibrium distortions (see Fig. 34), but since

5]31
°E A,
S
2 ,5 V>0
5l 2 A V>0
& E
<| H
B
5]32
+$0 Tetragonal distortion Q, 2 2

Fig. 34. The configuration diagram of absorption/emission transitions between the °T, < °E terms.
The JT splitting (with inclusion of the elastic energy) under tetragonal distortion Q N is

shown. The energy minima in the ground and excited terms correspond to contraction or
expansion along z-axis. The end states of emission are split due to combined action of JT and
spin-orbit coupling (not shown here).

the previous equilibrium corresponds to the compression, the smallest elastic energy change

will correspond to equilibrium coordinate Q, . . =-V,/k. The separation between the ’E
and ° B; terms at the equilibrium coordinate Q3Z2_r2 =-V,./k is equal to 3E;{av). After the
emission a process of relaxation of ligands occurs to coordinate Q3zz_r2 =-V,./k. The

principal difference between the treatment of tetragonal distortion in terms of the classical

crystal field theory and the J-T distortion is the following. The classical crystal field model
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assumes that equilibrium distortion in all terms is the same as in the ground one (this is the
basic assumption of the Tanabe-Sugano diagrams) [56]. In other words the distortion does not
depend on the electron sharing among the fe electron orbitals. Since the absorption spectra
are rather broad (also due to the thermal motion) it is possible only to determine the rough
value of Bs. The JT description of distortion takes into account the dependence of equilibrium
distortion on the particular electron configuration. However, the formulas for V; and Vg based
on the point charge model are not enough precise for numerical estimation. The JT description
correctly distinguishes the absorption/emission of electrons among #,e orbitals and associates
it with the adjacent lattice relaxation. However, it is possible to conclude that Vyand Vg have
the same sign and that | Vg | < | V7 |. The energies of many electron terms and assumed
transitions in Cr** ion are shown. Now, we will explain the possible physical situation of the
particular experiments. This will remove some seeming controversies between various
observations.

In the equilibrium configuration of the °T; term the JT coupling is so strong that the
spin-orbit coupling within this term is quenched [55]. The exponent in Ham quenching factor
v=exp(-3E;1/2h®) can be even around —10, so that off-diagonal matrix elements of spin-orbit
coupling are negligible. Here hw is the value of effective energy of the tetragonal vibrational
mode. For this reason the g factor for the orbitally nondegenerate term is nearly isotropic
across ZnS, ZnSe, ZnTe, and CdTe crystals. The > BZ—>5 E absorption is a broad band without
structure. It is centered on 3E,r ~ 1000 cm™ across II-VI compounds [4]. Similarly the higher
energy absorption 5Bg—>5B ; and 5Bz—>5A ; 1s a single broad band centered on A. The absorption
to excited term is determined by the ligand distortion of the initial term. Since the amplitude
of ligand distortion in the excited term °F is different, i.e. V; # Vg, the ligands change their
position so as to adjust to the equilibrium position for new electronic configuration e't,’ in the
’E term. We note that due to the ezt22—>elt23 electronic configuration change both the
tetragonal distortion and also the breathing type distortion change. Then the emission
transitions proceed from the lowest level determined by ligand deformation corresponding to
the excited term. Now the splitting of 7> is governed by the V; but at equilibrium coordinate

Q&z_r2 =-V,./k . Since the amplitude of Vg is much smaller than Vr and the equilibrium

distortion for the lowest and excited terms are far away, the action of factor y in the
nonequilibrium T, term is ineffective. As a result the emission line characterizes the
combined action of JT distortion with the 3Ejr(av) energy and the spin-orbit interaction.

The splitting of the °75 term under mentioned condition is shown in Fig. 34 at zero pressure.
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From this follows that °T,—’E absorption/emission transitions carry totally different
information because the details of the initial and final states are not the same ones.
Immediately after the emission the °T5 level relaxes (by means of ligands displacement) to its

new equilibrium position.

6.2.4.2. Effect of hydrostatic pressure

In principle, the hydrostatic pressure is equivalent to the displacement of ligands in the
breathing mode fashion towards the central C/** ion. At ambient condition the breathing
mode coupling constant (analogue of JT coupling constants) is V4 = 0. This is a condition of
equilibrium interatomic distance Ry. Application of pressure makes V4 # 0 and produces
resistance against applied stress. In the point charge model the strength of the cubic field
is inversely proportional to the fifth power of interatomic distance:

JARES L (6.17)

R’
hence, the application of pressure increases A, i.e. the average energy distance between E and
°T, terms increases. As concerns the tetragonal distortion the breathing and tetragonal mode
transform according to different irreducible representations and there is no interference
between them. However, the tetragonal mode coupling constants Vg or V; are estimated at

pure cubic crystal field distance Ry which is changed by applied pressure. As a result, the

tetragonal coupling mode constants Vg or V7, described by equations (6.9) and (6.13), increase
in the point charge model approximation proportionally to % - % . Thus, similarly to A, the
hydrostatic pressure effectively increases the tetragonal distortion. Since the JT distortion
energy is proportional to V7, it means that the average change of E i < % (provided that

the force constant k changes negligibly).
According to the point ion approximation, the cubic crystal field parameter A and the

tetragonal field parameter D=3E,;r change with the pressure as

R,
A—A{EJ , (6.18)
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R 10
D=3E, =D, (?Oj (6.19)

where (Ry/R) changes with pressure p according to Murnaghan equation of state (6.2) [143].
While solving the secular equation for the JT interaction and spin-orbit interaction in
the IL,M,S,Mg> basis, we use an approximation where the diagonal matrix elements for °75

and “E states change with pressure as

5 10
R R
£ CT,) = AO(?O) +E, (?Oj (6.20)
and
5 10
R R
£,CE) < AO[?OJ -2E,, (?Oj , (6.21)

respectively. One should note, that these relations are only approximately valid because only
linear JT coupling has been considered. Additionally to the pressure dependence of the
diagonal matrix elements, there was included into calculation the following approximate

dependence on pressure of spin-orbit constant:
4
R
A= 1, [?Oj , (6.22)

where A corresponds to A; in the notation of J.T.Valin et al. [5]. This approximation can be
very roughly justified by the covalent effects which remarkably change A of Cr**. This
change is due to admixture of ligands electronic functions to d function, so the effective

function of d electrons is not limited to the volume occupied by Cr** ion. The interaction

R, \2
matrix elements of 3d electrons with ligands can change as (?(’j [152]. This mainly

contributes to the variation of A with the pressure. If the effective spin-orbit coupling constant
is averaged over such extended function then there are contribution from atomic spin-orbit
constant of ligands. From atomic calculations it is known that single electron spin-orbit
coupling constant of Te is more than 10 times larger than that for Cr** ion [153]. Also the
spin-orbit coupling constant of Te is much larger than those of S and Se [153]. Therefore, the
modification of amplitude of spin-orbit interaction is not surprising and explains the much
stronger pressure effect on Cr°* ion in ZnTe in comparison with previously studied
Cr2+—d0ped ZnSe and ZnS, what was shown in the 6.2.1 and 6.2.2 Sections of the present
Thesis. The second order of perturbation theory of SO coupling between the *T,—"F terms was

included, what gives a contribution proportional to A%/A. 1.T. Vallin suggests [5] that the spin-
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orbit constant (in his notation A;) between these terms is negative. However, it does not make
problem in calculation because the corresponding correction is proportional to A2. The results

of such calculations are shown in Fig. 35.

| A=4400 cm™, E 1 (av.)=140 em ™, A=-80 em™ | ¢y,

—_
(\®)
S
S

k.=11.05 cm’!/kbar

™~

800 5400

400 5000

4600

S

k,=9.15 cm'/kbar |

a
4200

0 20 40 60 80 100
Pressure (kbar)

Pressure shift of >E->T, emission (cm™)

Fig. 35. Theoretical calculation of the pressure dependence of ’E —°T, transition in ZnTe:Cr (left
scale). Zero energy at ambient pressure (left scale) corresponds to A= 4600 cm™. The right
scale is given in absolute values. The values of the parameters used in the calculations are
given in the graph.

Qualitatively, the pressure dependence of calculated emission shows the main feature
observed in the experiment, shown in Fig. 30, and Fig. 31. The splitting into three bands
having different pressure coefficients is well reproduced. However, the calculated pressure
coefficients differ slightly from those observed in the experiment. In view of the provided
discussion one cannot say firmly, that the used parameters A and E,;7{(av) (extracted from those
determined in literature E;{7T) and E;;(E) are the most suitable. Perhaps, one needs to use
more parameters but, as we already mentioned, the methods of their determination are not
very sensitive to the features of the experimental spectra.

In the above adduced interpretations the theoretical model developed by

doc. dr hab. S.W.Biernacki was used.
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6.3. Conclusions 1.

1. Low-temperature PL spectra of ZnS:Cr sample is characterized by a broad two-band
shape. A spin-orbit interaction in ZnS:Cr was found to be so weak, that it didn’t
reveal itself significantly on the PL spectra neither at ambient nor at high

hydrostatic pressure.

2. Ambient pressure ZnSe:Cr spectra reveals two-band shape due to >E—’T5 transition
and JT distortion as well. The increased admixture of the ligand wave functions into
the central ion wave functions with applied pressure has been found responsible for
the changes in the value of the spin-orbit parameter and appearance of the additional

band in the >’E—’T luminescence spectra of ZnSe:Cr at higher pressures.

3. High-pressure luminescence measurements at low temperature unambiguously
indicate that the 1.25 eV luminescence band in ZnSe:Cr is associated with the

intrashell *T,—’T, transitions of the C** ion.

4. The stress effect on luminescence spectra of Cr”* in ZnTe exhibits a strong
difference in comparison with ZnS:Cr** and ZnSe:Cr’*. Observed ZnTe:Cr*
pressure coefficients of emission peaks associated with "E—’T, transitions differ
from each other, what has not been observed in the case of Cr2+—doped ZnSe and
ZnS crystals. This effect can be explained by the pressure dependent modification
of the spin-orbit interaction constant associated with the admixture of Te ligand
wave function to the wave function of the central Cr** ion. Much smaller spin-orbit
constant for § and Se ligands does not produce such an effect, what is in a total

compliance with (2.40) relation.
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6.4. Ambient-pressure studies of the InP-based
multi quantum structures

6.4.1. Preliminary PL studies

Preliminary PL spectra of the InP-based quantum structures were taken at ambient
pressure, at T=10 K in the Oxford 1204 cryostat equipped with a temperature controller for
low temperature measurements. The measurements were performed using DIGIKROM 240
monochromator equipped with a Judson J13TE2 thermoelectrically cooled PbS detector and a
SR 530 model Standford Research lock-in amplifier. The spectra were excited with the
514.5 nm line of argon-ion laser.

All the samples are characterized with intense exciton emission. Rather sharp
photoluminescence lines are centered at 0.887, 1.023 and 1.177 eV for InAssP;./InGaP,
InAsyP; x/InGaAsP and InAs,P; /InP structure respectively (Fig. 36)). The full-width at half-
minimum (FWHM) of all the bands do not exceed 7.5 meV, what is lower than half-widths of
InAsP QWs reported in the literature [154-156]. Inasmuch as at low temperatures the PL
linewidth is manly due to interface roughness, alloy disorder and well width fluctuations, low
FWHM value can argue about the high quality epitaxy of the grown quantum structures.
The intense emission of the samples forebodes their significant PL signal at high stress

conditions as well, what makes them appropriate candidates for high-pressure DAC sensors.

M1217 M1342 M1352
(0.887 ¢eV) (1.023 eV) (1.177 eV)

T

PL intensity (arb units)

JL JK JL

085 090 095 100 105 110 115 1.20 1.25

Energy (eV)

Fig. 36. Ambient-pressure PL spectra of the InP-based MQWs taken at T=10 K.
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6.4.2. The composition of the MQWs

The composition of the studied MQW:s can be determined experimentally on the basis
of ambient-pressure PL. measurements.
It is known, that quantum confinement effects are important, when for the width b of

the structure the following criterion is fulfilled [157]:

hZ

) (6.23)

where m* is the effective mass of the electron, kg and T are Boltzmann constant and
temperature, respectively [158]. While substituting into (6.23) the effective mass of InAsP
(m*=0.07my [159]), one can obtain the temperature dependence of the maximum InAsP layer

widths b, for which the quantum effects are essential (Fig. 37).

400 v I v I v I v I v I

(o]

Quantum structure width (A)
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Fig. 37. Temperature dependence of the quantum structure width b, for which
the quantum effects are essential, calculated for InAsP.

As the width of the studied QWs is 80 A (Tables 6-8), one can conclude, that for
T > 200K the quantum effect in the examined InAsP layers should be negligible.
For the rough estimation of the InAs mole fraction in the InAsyP;x MQWSs one can use

the liniar approximation of the energy gap E, dependence on content x (the extension of

Vegards’ law) [160,161]:
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E, (InP)-EZ" . (InAsP)
x=_28 P peak , (6.24)
E,(InP)—E, (InAs)

While taking into account, that at 7=0 K E,(InP) = 1.42 eV and E,(InAs) = 0.43 eV
[162], the following approximate values of InAs mole fraction can be obtained: x=0.54, 0.4
and 0.25 for InAsP/InGaP (M1217), InAsP/InGaAsP (M1342) and InAsP/InP (M1352)
quantum wells respectively (Table 9). However, in the studied MQWs the bound states of

electrons are localized above the bottom of the conduction band, whereas those of holes are

located under the top of the valence band. In such a way E;" , , (InAsP) > E, (InAsP), what

reduces the numenator in the expression (6.24). Thus, one should note that the values of InAs
mole fraction (x), obtained via the described above method are somewhat understated.

The compositional bandgap dependence for ternary InAsP alloys at T=77 K was
proposed by G.A. Anytpas and T.O. Yep [163]. Having been improved by M. Wada et

al. [164], this dependence is expressed by the following formula:

E, =1.407-1.703x + 0.089x° (6.25)

The approximate E, values at T=77 K can be obtained from the fitting curve of the PL
temperature dependences, which are described in detail in the following 6.4.3 Section. Thus,
these values are 0.881 eV, 1.015 eV and 1.17 eV for the InAsP/InGaP (M1217),
InAsP/InGaAsP (M1342) and InAsP/InP (M1352) samples respectively, and the proper mole
fractions x of InAs in the InAs,P;x QWs were found to be 0.51, 0.38 and 0.23. These results
are in a good correlation with the alloy compositions, determined from the Vegard’s low

extension (Table 9), and most likely can be considered as more accurate.

Table 9. The composition of InAs,P;, MQWs determined by two different methods

InAs InAs mole fInAts m(zle)
mole PL peak fraction (x) PL peak dr;;;?ng d
Sample No.: Sample structure: fraction at determined at from the
pie RO ~>amp " | (inthe | T=10K, from the T=77 K, o
MBE eV Vegard’s law eV ZI(I;E ;Egi
process extension
(6.25)
M1217 InAssP; x/InGaP 0.6 0.887 0.54 0.882 0.51
M1342 InAsyP,.«/InGaAs @) 1.023 0.40 1.015 0.38
M1352 InAs,P;_/InP @) 1.177 0.25 1.17 0.23
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6.4.3. Temperature dependences of the PL spectra

Ambient pressure temperature dependences were studied in the range (10-165) K,
(10-105) K and (10-300) K dependently for the M1217, M1342 and M1352 samples
respectively. The superior limits of the temperature ranges were determined by the decrease
of the PL signal intensity with the temperature increase. The obtained PL spectra and the

corresponding PL peak positions versus temperature are shown in Fig. 38-43.

—
InAs /InGaP (M1217)
—T=10K
—T=30K
—T=50K
—T=65K

T=75K

T=85K
—T=95K
—T=105K
—T=115K
—T=125K
—T=135K
—T=145K

T=155K
—T=165K

0.51P0.49

PL intensity (arb. units)

0.83 0.84 0.85 0.86 0.87 0.88 0.89 090 0091
Energy (eV)

Fig. 38. PL spectra of InAs 5;P¢4/InGaP (M1217) sample, taken at T=(10-165) K.
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Fig. 39. Variation of PL band position of InAs5;Py 4/InGaP (M1217) sample with temperature change.
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Fig. 40. PL spectra of InAs ;3P s/InGaAsP (M1217) sample, taken at T=(10-105) K.
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Fig. 41. Variation of PL band position of InAs ;3P s,/InGaAsP (M1342) sample with temperature
change.
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T T
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Fig. 42. PL spectra of InAs 3P 77/InP (M1352) sample, taken at T=(10-300) K.
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Fig. 43. Variation of PL band position of InAs ;P 77/InGaAsP (M1352) sample with temperature
changes.
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The excitation power of the argon-ion laser line was constant and equal to about
90 MW (Aexc=514.5 nm). One can see that at higher temperatures the PL intensity decreases
significantly and undergoes a red-shift (Fig. 39, 41, 43). Such temperature dependence of
semiconductor bandgap is prevalently described by Varshni relation [165]:
oT>
T+p)

where a and f are fitting parameters, being characteristic of a given material. This expression

E,(T)=E, - (6.26)

is widely quoted in the literature [166-168], though it does not have a strong theoretical basis,
and possesses some disadvantages. Thus, f parameter, which is supposed to be related to the
Debye temperature in some cases may be negative [165]. Moreover, at low temperatures the
equation (6.26) predicts a quadratic temperature dependence of E,, whereas the experimental
data reveal that E, is almost independent on 7, what can be seen in Fig. 39, 41, 43.
K.P.O’Donnel and X.Chen have proposed another expression for the temperature
dependences of semiconductor band gaps, which improves upon the Varshi equation
numerically and theoretically [169]. First, it gives better fits to the data (particulary at low
temperatures), and, second, the parameters of the fits may be related to an intrinsic interaction
of semiconductors, namely the electron-phonon coupling. This equation can be written as

follows:
E,(T) = E, (0)~ S(ho)|coth((hw) / 24T ) ~1]. (6.27)
where £, (0)is the band gap at zero temperature, S is a dimensionless coupling constant,

<h a)> is an average phonon energy and k is a Boltzmann constant.

In Fig. 39, 41,43 red curves represent the fits, performed with the use of (6.27)

equation. The best values of fitting parameters E,, S and <ha)> are listed in the Table 10.

Table 10. Parameters, showed the best fit for temperature dependence of InAs,P;., MQWs

Sﬁ?le Sample structure Terr;g)ge;’a‘?{lre Ey(0), eV S <h a)> , meV
MI1217 | InAsgs1Pg49/InGaP 10-165 0.886 1.72 16.8
M1342 | InAsg3sPo62/InGaAs 10-105 1.021 1.8 18.8
M1352 InAsg23Pg77/InP 10-300 1.176 2.04 17.3
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One can see, that Eg(0) fit value correlates very well with the energy position of PL

peak at T=10 K, obtained experimentally (Table 9). Moreover, S and <ha)> parameters are in

a good agreement with those, obtained by M. Wada et al. [164] for InAs,P;_x samples.
Fig. 38,40 and 42 give an indication that PL signals of all three samples become
broader with temperature. This tendency can be clearly observed on the PL FWHM

temperature dependences, presented in Fig. 44—46.
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Fig. 44. Temperature dependence of the line width of PL spectra of the InAs 5;Py 4/InGaP
(M1217) sample.
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Fig. 45. Temperature dependence of the line width of PL spectra of the InAs ;3P ¢/InGaAsP
(M1342) sample.
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Fig. 46. Temperature dependence of the line width of PL spectra of the InAs ;P 77/InP
(M1352) sample.

It is known, that the PL line shape is a convolution of inhomogeneous part and a
temperature dependent homogeneous part. Inhomogeneous line width in MQWs is mainly due
to alloy disorder, well width fluctuations compositional fluctuations in wells and barriers and
the hetero-interface roughness [170]. Homogeneous part can be ascribed to the scattering
between phonons and excitons, the carrier life broadening [170] and the interaction between
carriers and excitons [171].

Thus, FWHM can be well-fitted to the exciton-photon coupling model [172]:

1—‘b
exp(E,, /k,T)—1

I'=I,+IT+ (6.28)

where /7 is inhomogeneous part, I, I}, are the corresponding coupling strengths with acoustic
and longitudinal optical (LO) phonon, respectively, E; is the energy of LO phonon, and kg is
the Boltzmann constant. The least-square fitting procedure was applied to the PL line width
data with the use of (6.28) equation. The results of the fittings are presented with red curves in
Fig. 44—-46, and the parameters, that shown the best fit for FWHM temperature dependence

are listed in the Table 11. While comparing the experimental data and the fitting curves, one
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can conclude, that model of exciton scattering with acoustic and longitudinal optical phonons

describes well the thermal dynamics involved in the InAssP;« MQWs.

Table 11. Parameters for fitting of the PL FWHM temperature dependences

of InAs, P, MQWs.
InAs mole
Sample fraction (x)
P Sample structure I;,meV | I, meV/K | [},, meV | E;p meV in the
No. InAsP
MQWs
M1217 | InAsgsi1Pg49/InGaP 8.09 0.055 22.9 32.89 0.51

The inhomogeneous part 7; of all the samples are rather small, what may be evidence,
that the samples were well epitaxed. The contributions of acoustic phonon scattering into
homogeneous broadening practically do not differ from each other, whereas the coupling
strengths with LO phonons differ significantly. The latter fact can be associated with different
strains, involved in the well layers of the samples. The larger strength of exciton scattering
with LO phonons corresponds to the more strained sample [156]. The Ej o values of all the
samples are close to those for InAsP/InP and InAsP/InGaAsP samples reported in the
literature [155,156]. As for bulk InAs and InP materials the LO phonon energy values are
29.6 meV and 42.8 meV respectively [173], the found E; o values correspond with the mole
fractions of InAs in the InAsP MQWs (Table 11).

Inasmuch as the FWHW of all the studied samples is strongly temperature-dependent,
and at 7>100 K the sharpness of the lines decreases intensively due to failure of the quantum
confinement cryterium (6.23), the application of high-pressure sensors, based on InP-
structures is confined with temperature. Thus, the high-pressure calibration of the potential
InP-based pressure sensors should be performed only for the definite temperature range
T=(10+-150) K. On the other hand, the pressure range of the calibration process
p = (0+100) kbar is limited by the estreme decrease of the PL intensity at about p = 105 kbar,

which is irreversible and probably due to the phase transition of the InAsP material.
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6.4.4. Excitation power dependences of the PL spectra

The emission dependences on excitation power were measured in order to test the
applicability range of the potential pressure sensors. During stress measurements the studied
samples in the DAC sometimes need to be excited with higher powers, especially at high
pressure values, when PL signal usually becomes weak. In such a case it would be very
convenient to have a pressure sensor, which could be excited with the same laser power, as
the sample.

Two samples were chosen to test their emission bands behavior with excitation power
increase. The PL spectra of the MI1217 (InAsosiPo4o/InGaP) and M1342
(InAs 33P0 62/InGaAs) samples were taken at the excitation power range of (20-210) mW and
(10-230) mW respectively. The measurements were carried out at T=10 K, and the
temperature was strictly controlled during the experiment.

In order to estimate the power density of the excitation laser beam on the sample, one
should take into account the following. In compliance with the technical characteristics of the
optical devices, applied in the experiment, the total losses at one mirror, two CaF, lenses, a
glass cryostat windows and, finally, a diamond do not exceed 10% of the initial laser power
value. In order to estimate the diameter of the first diffraction ring (so called, Airy disc) of the

laser beam the following formula is usually used:
by = 2.44-/1-1, (6.29)

where f is a focal length, D is a diameter of the free opening, and 4 is an excitation
wavelength. However, due to the minimal refraction effects occurred on the lenses, cryostat
windows and diamonds, the laser beam spot, focused on the sample in the DAC usually was
ellipse-shaped. The lengths of the major and minor ellipse axes can be approximately
estimated from the typical size of the sample. They are assumed to be equal to 90 um and
20 pum respectively. Then, the area of the laser beam spot on the sample is 1.414-10” cm™.

While taking into consideration the mentioned above power losses, the laser power density on

the sample can be calculated by the following formula:

2 exc

® [mW} ~7.07-10° - P™ [;mw]. (6.30)
cm
The dependences of the emission spectra on the excitation power value are shown in

Fig. 47, 48. The plotted PL peak intensities versus initial laser excitation power ( P"") and

cxc
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the corresponding laser power density on the sample are presented in Fig. 49. In order to
study the change of the PL band sharpness dependently on excitation power, the
FWHM=f(P.) was studied as well (Fig. 50).
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Fig. 47. The excitation power dependent PL spectra of the InAss;Py 4/InGaP (M1217) sample
measured at T=10 K.
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Fig. 48. The excitation power dependent PL spectra of the InAs ;3P s,/InGaAsP (M1342) sample
measured at T=10 K.
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Fig. 49. The dependences of PL peak intensities on excitation power of theInAs5;P 4o/InGaP (M1217)
and InAs ;3P 6/ InGaAsP (M1342) samples. The corresponding laser power density values are
shown on the upper abscissa axis.
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Fig. 50. Excitation power dependence of the line width of PL spectra of the InAs, 5,Py 4o/InGaP
(M1217) and InAs ;3P s2/InGaAsP (M1342) samples. The corresponding laser power
density values are shown on the upper abscissa axis.
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It is clearly seen, that with the excitation power increase the emission peak remains at
the same energy (Fig. 47, 48), and the PL intensity rises significantly. Fig. 49 shows, that the
emission intensity reveals a linear dependence on laser excitation power (with an insignificant
deviation from linearity to within the experimental error). Fig. 50 indicates, that the line
widths reveal very small linear change with the excitation power increase: 9.3 peV/mW and
5.6 peV/mW for M1217 (InAsgs51Po49/InGaP) and M1342 (InAsg33Poe2/InGaAs) samples
respectively.

In order to calculate the error pressure, originating from the temperature change due to
illumination process, occurred in the samples, one should execute the following procedure.

1. To obtain from the Fig. 50 the change of the mean FWHM values, corresponding to

the variation of the excitation power from P =230 mW.

excl

=10 mWuptoP,

exc2

2. To use the equation (6.28) for the numerical calculation of the corresponding changes
of the temperature.

3. While using the E,=f(T) dependences (Fig.39 and Fig. 41), to determine the AE,
values corresponding to the AT changes.

4. To calculate the absolute error of the pressure value reading, with the use of the (6.31)
equation (which will be detaily introduced and substantiated in the following Section).

The results of these estimations are listed in the Table 12.

Table 12. The estimation of the pressure reading errors due to the illumination process
of the stress gauges based on the InAsP quantum wells.

Sample AT (10-230) mw» AE; (10-230) mw> AP 10-230) mw>
No. Sample structure meV AT 10230 mw> K & meV Kbar

M1217 InAsg 51Po49/InGaP 2.046 31 0.88581 0.61

M1342 InAsO,38P0.6Z/InGaAs 1.225 5.5 1.02053 1.89

Thus, if one assumes, that the temperature insignificantly varies due to the
illumination processes, the absolute reading errors do not exceed 2 kbar for the wide
excitation power range P,.=(10...230) mW (in the applied experimetnal setup). These
investigations lead up to the essential conclusion about the possibility to use the studied
MQWs as DAC high-pressure sensors, which can be operable as well at high excitation power

densities.
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6.5. High-pressure calibration of the MQWS

High-pressure PL measurements of all the samples were performed in the pressure
range of (0—100) kbar at 10, 50 and 100 K. The obtained PL spectra were found to be very
similar; hence, the plots of PL intensity versus pressure are presented for two boundary cases:
10 K (Fig. 51, 55, 59) and 100 K (Fig. 53, 57, 61). At the same time the variation of PL peak
positions with pressure are shown for 10 K (Fig. 52, 56, 60), 100 K (Fig. 54, 58, 62) and also
for 50 K (Fig. 63—65). As one can notice, the latter dependencies have a slightly bowing
shape, and they were fitted with the use of the equation (3.9):

EPLpeak :E0+Bp+cp2

The red curves in Fig. 52, 54, 56, 58, 60, 62, 63—65 represent the performed fittings,

and the parameters, which showed the best fits, are listed in the Table 13.

Table 13. Parameters, showed the best fits for the pressure dependences of the PL peak position
of the studied InP-based MQWs.

Fit parameters
Se;nple Sample structure Temp;rature,
0. E oV B, Cx1072,
0, © meV/kbar meV/kbar’

0 0.896 7.65 —1.033
+0.002 +0.103 +0.099
0.894 8.14 Z1.0

MI1217 | InAsgsPyso/InGaP
1250510 407t 30 +0.003 +0.00 +0.057
100 0.892 773 21,0
+0.003 +0.00 10.063
0 1.027 739 —0.607
+0.004 10.17 10.162
1.023 727 20.954

MI1342 | InAsg 13Po.co/InGaA
112503810 62/ ITIAAS 30 +0.003 10.14 +0.139
100 1.016 772 0.830
+0.007 +0.33 10.323
0 1.184 314 1,567
10.003 10.12 +0.110
1.183 7.99 21,510

MI352 | InAsgasPg/InP
f1AS023F 07770 50 +0.004 +0.17 +0.162
100 1.176 8.28 21572
+0.003 +0.14 +0.132
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Fig. 51. Pressure dependence of PL spectra of the InAs 51Py 4/InGaP (M1217) sample at T=10 K.
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Fig. 52. Pressure dependence of the PL peak position of the InAs 5;Pg 4/InGaP (M1217) MQW
at T=10 K.
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Fig. 53. Pressure dependence of PL spectra of the InAs 51Py49/InGaP (M1217) sample at T=100 K.
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Fig. 54. Pressure dependence of the PL peak position of the InAs, 51Py 4/InGaP (M1217) MQW
at T=100 K.
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Fig. 55. Pressure dependence of PL spectra of the InAs ;3P 6/InGaAsP (M1342) sample at T=10 K.
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Fig. 56. Pressure dependence of the PL peak position of the InAs ;3P ¢;/InGaAsP (M1342) MQW
at T=10 K.
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Fig. 57. Pressure dependence of PL spectra of the InAs ;3P ¢,/InGaAsP (M1342) sample at T=100 K.
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Fig. 58. Pressure dependence of the PL peak position of the InAs ;3P s;/InGaAsP (M1342) MQW
at T=100 K.
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Fig. 59. Pressure dependence of PL spectra of the InAs ;3P 77/InP (M1352) sample at T=10 K.
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Fig. 60. Pressure dependence of the PL peak position of the InAs ;P 77/InP (M1352) MQW at T=10 K.
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Fig. 61. Pressure dependence of PL spectra of the InAs ;3P 77/InP (M1352) sample at T=100 K.
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Fig. 62. Pressure dependence of the PL peak position of the InAs ;P 77/InP (M1352) MQW at T=100 K.
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Fig. 63. Pressure dependence of the PL peak position of the InAs s5;Py 4/InGaP (M1217) MQW at T=50 K.
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Fig. 64. Pressure dependence of the PL peak position of the InAs ;3P ¢/InGaAsP (M1342) MQW
at T=50 K.
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Fig. 65. Pressure dependence of the PL peak position of the InAs ;P 77/InP (M1352) MQW
at T=50K.

The theoretical reports with the comprehensive quantitative analysis of the PL
behaviour under high pressure for InAsP-based MQWs are not known to the author.
Nevertheless, the main factors, which can be resposible for the observed PL band shift are the
following [136)].

1. The increase of the energy gap with pressure.
This factor has already been partially discussed in the Section 3.1. With regard to the

quantum structures, some authors declare the dE,/dp value to be lower in

comparison with the appropriate bulk materials [174-176].

2. The lowering of the quantization energy of electrons due to the effective mass increase
with pressure.

3. The change of quantization energy for holes due to the variation of the light-hole
effective mass with pressure.
As the pressure coefficient of the PL band position for all the InAsP-based MQW s

(Table 13, fit parameter — B) is close to the dE, /dp value, reported for InAsP/InP quantum

well (9.5 meV/kbar [177]), one can assume, that the bandgap change with pressure is the
factor, which mostly defines the PL peak behaviour at high stress application to the studied
samples. A detailed theoretical analysis of this matter could clarify the matter, although it is

beyond the scope of the present Thesis.
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One should notice (Table 13) that for each sample the fit parameters except Ey value
are close to each other, and the insignificant difference in their proper values can be explained
by the experimental error. This observation motivated the author to perform the following
operation. The pressure dependences of PL peak position for each sample and different
temperatures (T=10 K, 50 K, 100 K) were plotted on one frame of axis and fitted with the use
of (3.9) equation. The green curves in Fig. 66 represent the performed fits (which will be
mentioned below as “Fits-17), and the parameters, which showed the best fits, are listed in the
Table 14.

One can see (Table 14) that the pressure coefficients B for all the samples are equal to
about 8meV/kbar and the bowing parameter C is very small (about 10 meV/kbar). This
circumstance served as a motivation to try to find the common parameters B; and C; for all
the samples in order to propose the explicit form of the equation (3.9), which would be valid
for the PL peak pressure dependences of all three InP-based MQWs. For this purpose the PL
peak positions of all the samples and for all the temperatures were plotted on one frame of
axis and fitted by means of least-square fitting procedure with the use of (3.9) formula.

The red curve, shown on Fig. 66 presents the result of this fitting by which the common

Table 14. The common fitting parameters of the pressure dependences of the MQWs PL peak
position measured at different temperatures (T=10, 50, 100 K).

Fit parameters
Sample Temperature,
Sample structure:
No.: K 2
E oV B, Cx107,
0, € meV/kbar meV/kbar’
0.898 7.59 -0.981
M1217 IIIAS().51P0.49/IIIGaP 10, 50, 100 +0.003 +0.12 +0.163
1.022 7.46 —-0.808
M1342 IIIAS().38P0.62/IIIGaAS 10, 50, 100 +0.006 +0.28 +0.265
1.181 8.12 -2.000
Mi3sy | [mAsexsPors/InP | 10,50, 100 6 +0.10 +0.097

parameter B;=7.95 meV/kbar and C 1=O.OlmeV/kbar2 were found. Afterwards the pressure
dependences of the PL peak positions for each sample and all three temperatures (T=10 K,
50 K, 100 K) were fitted with the use of the found B; and C; parameters. These fits will be

mentioned below as “Fits-2” and their results are present in Fig. 67 and Table 15.
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Fig. 66. Pressure dependence of the PL peak position of the InAs s, Py 4/InGaP (M1217),
InAsg 3P/ InGaAsP (M1342) and InAsg 3Py 77/InP (M1352) samples at T=10, 50, 100 K fitted
with the use of (3.9) equation for each sample (green curves) separately. The red curve
represents the result of the least-square fitting procedure applied to PL peak position data
of all the samples for all pressure values and temperatures.
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Pressure dependence of the PL peak position of the InAs, 5Py 49/InGaP (M1217),

InAs33Py.62/INGaAsP (M1342) and InAs 3P 77/InP (M1352) samples at T=10, 50, 100 K
fitted with the use of (3.9) with the common B;=7.95 meV/kbar and C;=0.01meV/kbar>

parameters.
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Table 15. The E, parameter obtained as a result of the fitting of pressure dependences of the
MQWs PL peak position measured at different temperatures (T=10, 50, 100 K).
(The fitting procedure was performed with the common B; and C; parameters).

Fit parameters
Sample Temperature,
No. - Sample structure: K
0-: E oV B, C;x107%,
0 meV/kbar | meV/kbar®
M1217 | InAsgsiPoao/InGaP | 10, 50, 100 0.881
0.51F0.49 , U, +0.002
M1342 II’IAS() 38P0 62/InGaAs 10, 50, 100 1.005 7.95 1
o T +0.003
M1352 InAsg 3P0 77/InP 10, 50, 100 1171
NASp.23F0.77/1n > U, +0.002

The misoverlapping of the curves, obtained in Fits-1 and Fits-2 result in the difference
of Ey values, listed in the Tables 13 and 15. Fig. 68 (left scale) presents the subtraction of
Fits-1 and Fits-2 energy values AE for the pressure range (0—100) kbar. These plots (Group 1)
make it possible to determine the maximum deviation of the fitted values (and the relative
error) which were found to be 17.6 meV (2.53%) 17.2 meV (2.45%) and 26.2 meV (3.8%) for
InAsg51Po49/InGaP (M1217), InAsg3sPo.62/InGaAsP (M1342) and InAsg23Po77/InP (M1352)
samples respectively.

In order to estimate the absolute error, which is made as a result of using of Fits-2
curves instead of Fits-1 ones, the equation (3.9) has to be solved for the p values (with the

subtstituted Eo, B and C constants taken from Table 14) and E py peqx assumed as

E, .. = E, +|AE|.

PL peak
Here E; and |AE| values have to be taken from the Table 14 and from the Group 1 curves

(Fig. 68) for each sample relatively. The absolute values of the solutions of the equation (3.9)
are plotted as Group 2 curves in the Fig. 68. Thus, the maximum errors of the pressure values,
defined with the use of the Fits-2 calibration curves can be obtained. They were found to be
2.21 kbar, 2.17 kbar and 3.31 kbar for InAsgs1Po49/InGaP (M1217), InAsg3sPo.6/InGaAsP
(M1342) and InAsg 3P 77/InP (M1352) samples respectively.
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6.5. High-pressure calibration of the MQWs

As the relative and maximum absoulute errors are rather small, the accuracy of the
Fits-2 can be considered sufficient for the parameters B; and C; to be used for the

construction of the high-pressure calibration curves for the analogous InP-based MQWs.

20 I ' I ' I ' I ' I ' I ' 50
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o 0 30 <«
S 1, &
- 5 25 <
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<1-10 20 ©
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15 | 155
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o
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Fig. 68. The difference between the PL peak position energies obtained as a result of Fits-1
and Fits-2 subtraction for the pressure range of (0—100) kbar (Group 1 curves, left
ordinate axis); and the absolute error, made as a result of using of Fits-2 curves
instead of Fits-1 ones (Group 2 curves, right ordinate axis).

Thus, it is enough to measure the PL peak position of the appropriate quantum
structure at ambient pressure and temperature range (10-100) K, and considering the
obtained value as E,, one can use the equation

E(V)=E,+795-10°p-107p* (6.31)
for the construction of the calibration curve of the pressure sensor.

While analizing the latter function, one can notice, that the derivative

(‘;—5] =795-107 =210 p (6.32)
MQWs
takes the maximum and minimum values at pressure values equal 0 and 100 kbar respectively.
For the sake of simplicity one can assume, that

dp p=0kbar dp

meV

=7.0 .
kbar

0kbar< p<100kbar
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6.5. High-pressure calibration of the MQWs

For ruby pressure sensor the Z—Evalue is taken from [126] and listed in the Table 5:
P

9E _ 0,094V

dp kbar

. Thus, one can roughly estimate that InP-based MQW pressure sensors

comparably to the ruby pressure gauges are characterized by the sensitivity gain, equal

P Juows _ 10 _ .

( dEJ T 0.094
dp ruby

Meanwhile, the sensitivity gain value is reduced by the greater PL FWHM values of

the studied MQWs as compared to ruby. Besides, due to the nonhydrostatic effects in the
DAC, the line width of the PL band additionally increases with pressure growth. Fig. 69-71
present the plots of PL FWHM versus hydrostatic stress, and, as one can see, these changes
reveal a non-monotonic growth with pressure. The average PL FWHM values at ambient and
high pressures of the studied MQWs as well ruby, used in the experiment as pressure gauge

are listed in the Table 16.
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Fig. 69. Pressure dependence of the line width of the PL spectra of InAs 5;P 4/InGaP
(M1217) sample
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6.5. High-pressure calibration of the MQWs
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Fig. 70. Pressure dependence of the line width of the PL spectra of InAs ;5P s/InGaAsP

(M1342) MQW
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Fig. 71. Pressure dependence of the line width of the PL spectra of InAs ;3P 77/InP
(M1352) MQW.
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6.5. High-pressure calibration of the MQWs

Table 16. PL FWHM values of the MQWs compared to ruby at ambient and high
pressures at T=10 K, 100 K.

Average PL FWHM Average PL FWHM
(< >, rwem ) at ambient (< I'>, e ) at high
Sample No.: pressure, meV pressures, meV
T=10 K T=100 K T=10 K T=100 K
M1217 8.32 10.44 15.12 23.94
M1342 7.99 19.25 18.15 27.20
M1352 10.33 19.03 15.3 22.05
AILMQWs 8.88 16.24 16.19 24.4
(mean value)
Ruby 0.39 0.42 0.59 ¥ 0.56 ¥

a) In the case of ruby the PL FWHM at T=100 K is smaller, than FWHM at T=10 K, as at high pressures
the nonhydrostatic effects can be more significant at lower temperatures, than at higher ones.

In order to determine the real sensitivity gain of the InP-based pressure sensors

compared to ruby gauges, one should calculate the figures of merit, defined by the following

dp MQOWs

<T >PL FWHM

k= uows (6.33)

dp ruby

< F >PL FWHM

expression:

ruby

The sensitivity gains obtained with the use of (6.33) formular for T=10 K and 100 K, for
ambient and high pressures are presented in the Table 17.

As it follows from the Table 17, the proposed new pressure sensors appreciably
exceed in sensitivity the commonly used ruby gauges throughout the entire temperature

T=(10-100) K and pressure p=(0—100) kbar operating ranges.
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6.5. High-pressure calibration of the MQWs

Table 17. Sensitivity gains of the InP-based MQW pressure sensors comparably
to the ruby gauges in different operating ranges.

Operating range Ambient pressure High pressures
of the pressure
gauge
T=10K T=100 K T=10K T=100 K
Sensitivity gain 3.3 1.9 2.7 1.7
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6.6. Conclusions II.

6.6. Conclusions II.

1. Three InP-based quantum structures — InAsP/InGaP, InAsP/InGaAsP and
InAsP/InP with ambient-pressure PL peak positions at 0.887 eV (1398 nm),
1.023 eV (1212 nm) and 1.177 eV (1053 nm) respectively are proposed as possible

pressure sensors for the diamond anvil cell.

2. The operating temperature range of the InP-based pressure gauges is (4—100) K.
Temperature dependences of PL peak position of the InAsiP;x MQWs can be
described by the expression (6.27), proposed by K.P.O’Donnel and X.Chen [169].
PL line width changes with temperature according to the exciton-phonon coupling

model [172].

3. In the standard optical set-up for high-pressure measurements the operating laser
power density range of the proposed pressure sensors is around (0.14+1.6) kW/cm?,
which is characterized by negligibly small non-radiative emission mechanism of the

InAs4P) x-based quantum structures.

4. The calibration curve of all three proposed InP-based stress sensors can be
described by the formula:
E(eV)=E,+7.95-10° p-107 p?,
where E(eV) is a peak position of the PL band and p is a pressure value, expressed
in kbar. As the studied quantum structures were chosen randomly, the mentioned
above dependence is seemed to be universal for any InAssP;x MQWs with rather

high range of accuracy (up to 97%).

5. The sensitivity of the proposed pressure sensors is around 2-3 times higher

(dependently on the working temperature) than that of the ruby gauges.
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7. SUMMARY

Recently Cr-doped II-VI semiconductors were studied intensively due to their wide
potential application for the construction of the tunable laser sources, operable in the mid-
infrared. Such lasers are expected to be widely used in medicine (ophthalmology, surgery),
environmental diagnostics and coal-mining industry.

The results of the numerous studies have not spared the knowledge about
II-VI Cr-doped materials some ambiguities (spin-orbit interaction intensity) and controversies
(1.25 eV PL band nature in ZnSe:Cr). High-pressure PL technique was found to be a good
tool to solve the mentioned above contradictory facts.

The peculiarities of the vibronic and spin-orbit interactions in II-VI Cr-doped
semiconductors were investigated on the ZnX:Cr** (X=S, Se, Te) crystals. The anion type was

found to be critical in the intensity of the spin-orbit interaction in compliance with the

relation, based on the quantum-mechanical ideas: A o< Z* (where A is a spin-orbit parameter
and Z is the atomic number). This fact makes it possible to reconsider the previously
published reports about the negligibly small spin-orbit interaction in ZnSe:Cr** crystals in
comparison with ZnS:Cr** ones.

The nature of the 1.25 eV emission band in ZnSe:Cr** samples was a matter of the
discussions in the literature, as the various experimental data led to the contradictory
conclusions about its origin. The use of high-pressure photoluminescence technique has made
it possible to claim unambiguously, that the near-infrared PL band, centered at ~1.25 eV is
due to the intrashell 3T1—>5T2 transition of Cr** ion in ZnSe:Cr** crystals.

A significant factor, which prolonged and complicated high-pressure measurements in
the near infrared was the lack of the proper pressure gauge, being operable in the same
spectral range. InAsP MQWs were found to be the best candidates to be applied for this
purpose. Apart from the higher sensitivity in comparison with traditionally used pressure
sensor — ruby balls, InAsP MWQs are characterized with the common calibration curve for
the samples with different InAs mole fractions x in the InAsyP;x MQWs. This makes it
possible to consider the proposed sensor “tunable”, as one can use the found calibration for
the series of stress sensors, manufactured in compliance with the experimental needs,
1. e. with an ambient-pressure band position of the studied sample.

Consequently, the presented in the Thesis experimental results enriched the knowledge

about the energy structure of the Cr-doped II-VI semiconductor compounds. Furthermore, it
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7. SUMMARY

has been proposed the way, leading to the significant modernization of the high-stress

experimental method via increase the accuracy and decrease the duration of the DAC-used

high-pressure measurements in the infrared spectral range.
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