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Abstract: During plasma electrolytic oxidation of a magnesium aloy (96 %
Mg, 3 % Al and 1 % Zn), a luminescence spectrum in the wave number range
between 19950 and 20400 cm was obtained. The broad peak with a clearly
pronounced structure was assigned to the v'—v” = 0 sequence of the BIZ+ — X1z+
electronic transition of MgO. Quantum-mechanical perturbative approach was
applied to extract the form of the potential energy curves for the electronic
states involved in the observed spectrum, from the positions of the spectral
bands. These potential curves, combined with the results of quantum-chemical
calculations of the electric transition moment, were employed in subsequent
variational calculations to obtain the Franck—Condon factors and transition
moments for the observed vibrational transitions. Comparing the results of
these calculations with the measured intensity distribution within the spectrum,
the relative population of the upper electronic state vibration levels was de-
rived. This enabled the plasma temperature to be estimated. Additionally, the
temperature was determined by analysis of the recorded A2x+ (v = 0) — X211
(v” = 0) emission spectrum of OH. The composition of the plasma containing
magnesium, oxygen, and hydrogen under the assumption of a local thermal
equilibrium was calculated in the temperature range up to 12000 K and for
pressures of 105, 10%, 107, and 108 Pa, in order to explain the appearance of the
observed spectral features and to contribute to the elucidation of processes
occurring during the electrolytic oxidation of Mg.
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1. INTRODUCTION

The usual form of a review paper is such that the author picks up some re-
search field, sometimes a particular method, and reports briefly about al the sys-
tems which have been investigated in/with it. In the other words, he writes no-
thing about everything (but “everything” only for those who are working in the
same field, or using the same method). In the present review, we take the oppo-
site point of view. We consider a particular element, magnesium, even only a
molecule that involvesit, MgO, eventually solely a spectral band sequence of this
molecule, and show all that we were able and/or forced to do on it in order to
make an infinitesimal progressin our knowledge of some particular properties of
this element. Figuratively speaking again, we write everything about nothing.

2. PHYSICS CHEMISTRY, MATERIAL SCIENCE

Magnesium is one of the most abundant elements on the Earth, but also, asis
nowadays believed, in the whole universel=3 (see Supplement A). Elemental
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A MULTIDISCIPLINARY STUDY ON MAGNESIUM 1485

magnesium is a fairly strong, silvery-white, light-weight (two thirds the density
of auminium) alkaline earth metal. It is highly reactive and thus not found
naturally on Earth. However, when once produced, it is coated with a thin layer
of oxide (passivation), which partly masks this reactivity. It is mainly obtained by
electrolysis of magnesium salts extracted from brine. Magnesium is highly
flammable when molten or in powder or ribbon form. It burns in air with a
characteristic brilliant white light, which includes strong ultraviolet radiation.
The flame temperature of Mg and Mg aloys can reach over 3000 °C. Once ig-
nited, it is difficult to extinguish, being able to burn in nitrogen (forming magne-
sium nitride), carbon dioxide (forming magnesium oxide) and water (forming
magnesium oxide). Commercialy, the main use for the metal is as an alloying
agent to make aluminium—magnesium aloys, called “magna(e)lium”. These al-
loys are useful for their relative lightness and strength. An important application
field of magnesium is electronic devices. Owing to its low weight, and good
mechanical and electrical properties, magnesium is widely used for the manu-
facture of automotive and truck components, mobile phones, laptop and tablet
computers, cameras, and other electronic components. Due to important interac-
tions between phosphate and magnesium ions, magnesium is essential to the
basic nucleic acid chemistry of life, and thus to al cells of all known living or-
ganisms. Over 300 enzymes require the presence of magnesium ions for their ca-
talytic action. Plants have an additional use for magnesium in that chlorophylls
are magnesium-centred porphyrins. Magnesium compounds are typically white
crystals. Most are soluble in water. They, primarily magnesium oxide (MgO), are
used as refractory materials in furnace linings for the production of iron, steel,
non-ferrous metals, glass and cement, and also in the agricultural, chemical, and
construction industries.

3. SPECTROSCOPY
3.1. Transitions

The intensity of the transition between two molecular states described by the
wave functions ¥” and ¥’ is proportional to the square of the transition moment
(TM) defined as:4>

R"=[¢"AY dr Q)
where A is the operator that determines the mechanism of the transition. In the

most important case of “optical” transitions, considered here, A is the (vector)
dipole operator, i, defined by:

A=30 (2)

where q; is the charge and T; is the radius vector of the i-th particle. The sum
runs over al charged particles (electrons and nuclei). The proportionally factor
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between the intensity of an transition and the square of the TM involves, beside
natural constants and statistical weights, in the case of absorption, the energy
difference, AE, between the levels in question, and at emission AE4. Assuming
the general case, when the two energy levels in question belong to different elec-
tronic (e), vibrationa (v), rotational (r), and spin states, Eq. (1) can be written as:

R :””W'* (ev,r,9) ¥ (ev,r,s)dredr,dr,drs (3)

The total wave functions, ¥” and ¥, are usualy (in the framework of the non-
relativistic, Born—Oppenheimer (B—0), rigid rotator/infinitesimal vibrator appro-
ximations) assumed as products of the partial wave functions describing indivi-
dual degrees of freedom, i.e. in the form:

P (eV,r,s) =W Wi¥s (4)
If only “adlowed” transitions are of interest, the spin variables can be excluded
from consideration since in this case transitions are only possible when both
states in question have the same spin function. The problem now is that the rota-
tion functions are defined in a space-fixed coordinate system, while the electronic
and vibrational functions are naturally expressed in a moving coordinate system
tied to the molecule. Thus, one has to start with the expression for the compo-
nents of TM, ug (F =X, Y, Z), along the axes of the space-fixed frame:

RE = [ [ [wivdweur ey vidredr,dr; (5)

and then transform some of the quantities to the molecule-fixed frame, X, y, z
The components of the dipole operator transform as:

zuF = Zﬂ’Fglug (6)
g9

where g = X, y or z, and irg are the elements of the transformation matrix that
involves sin and cos functions of two eulerian angles ¢ and 6. Since (only) the
rotation functions depend on the eulerian angles (and only on them), Eqg. (5) can
be transformed into:

RF = Zjl/f’rk';thl//r"dTr Ul/fc (Illfé'ﬂgl//e"dfe) l//v"dfv} (7)
g

The expression in parentheses:
[veugyedre=Ry (8)

is the g-component of the “electric transition moment” (actually, in this context it
would be more logical to call this quantity the electronic TM, to stress that the
integration is carried out only with respect to the electronic coordinates; however,
most authors prefer the term “electric”, to distinguish this quantity from, e.g., the
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magnetic TM). The electric TM represents a generalization of the usua electric
dipole moment (obtained from Eq. (8) when ¥y = ¥) and, unlike the latter, it
can, even in diatomic molecules, have both parallel and perpendicular compo-
nents with respect to the molecular axis. This quantity is a function of the bond
length, r (i.e., of the vibrational coordinate), and can thus be represented by a
Taylor expansion:

R;j':(R;j')r:re+(ddL!rgJ (r—re)+.. (9)

=le

wherergisthe equilibrium bond length. Inserting Eq. (9) into Eq. (7), one obtains:
RF = ZJ.‘//F%Fgl//r"dTr X
g

(10)
X (Rg )r=re J.l//:/'l//V"dTV " [dd;RrgJ J‘l//;’clI (r - re)l//V"dTv te

r=fe

With help of Formula (10), all the selection rules for optical transitions in
diatomic molecules can be discussed. Since electronic transitions are dealt with
in the present study, pure rotation and vibration—rotation transitions are discussed
very briefly.

i) Pure rotation spectra, €=€'=e, v' = V' = v, r'#r". In this case,
[yiwvdry, =1, and in the harmonic approximation [y (r —re)yydzy = 0. The
electric TM becomes then the dipole moment of the molecule that, due to axial
symmetry of diatomic molecules, always lies along the internuclear axis (2).
Equation (10) reduces then to:

RE =(R8) _ > [vidrgurdry (11)
‘g

A rotation spectrum can thus appear only if the molecule considered has a non-
vanishing dipole moment. Such are heteronuclear, but not homonuclear diato-
mics. The situation concerning the transition rules is not changed even if one
goes beyond the harmonic approximation; for a homonuclear diatomic molecule
dR§ /dr, as well as al higher derivatives equal zero. A pure rotation spectrum
consists of a number of nearly equidistant lines with the spacing in the order of
magnitude of typically 10 cm—L, which form a molecular band.

ii) Vibration—rotation spectra, € = e”" = e, v' # v". In this case,
[y, w,+dz, =0, and Eq. (10) reduces to:
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o ng * *
RF = ? Zjl//r'/ngl//r"dTrJ‘W\/'(r—re)WV"dT\/‘i‘... (12)
r=r. g

Since Expression (12) equals zero when there is no change in the dipole moment
with variation of the bond length, only heteronuclear diatomics can have a
vibration—rotation spectra. In the harmonic approximation, the second integral
implies the selection rule v/ —v” = £1. In higher approximations, “overtones’ are
possible, corresponding to the selection rule v’ —v” = +2, +3, ... but they are nor-
mally of low intensity. The rotation selection rules are determined by the first
integral, and they are the same as for pure rotational transitions. Each vibrational
transition is accompanied by a number of rotational ones. Owing the above se-
lection rules for vibrational transitions, a vibration—rotation spectrum is usualy
similar to a pure rotationa one, the most prominent difference being that the
former appearsin the near and the latter in the far infrared region.

iii) Electronic transitions, € # €”. In the first Franck—Condon (F-C) approxi-
mation, the second term in the square parentheses on the right-hand side of Eq.
(10) can be neglected:

RF = ( Rg )r:ro ZJ“//F%Fgl//r"dTr J‘WT/"//V"dTv (13
g

Instead of the dipole moment, asin Egs. (11) and (12), one now has the electric
TM (see. Eg. (8)), which aso in homonuclear diatomics can be non-zero. It will
be non-vanishing if the product of the irreducible representations of the electro-
nic wave functions equals the irreducible representation of the x-, y-, or z-com-
ponents of the dipole operator. In the case of heteronuclear diatomics, the z-com-
ponent of this operator belongs to the *, and x- and y-components build together
abasis for the IT irreducible representation of the point group C.y. Thisresultsin
the selection rule AA =0, £1, where A = 0 (Z* or X~ electronic state), 1 (11 state),
2 (A state), etc., is the projection of the electronic angular momentum along the
internuclear axis. An additional selection rule is that the transitions £* « * and
>~ < X~ are dlowed, while the transitions =t < X~ are forbidden. In the case of
homonuclear diatomics, the z-component of this operator belongs to a X,,*, and
the x- and y-components to a I1,, irreducible representation of the point group
Dyn. This yields the additional selection rule that an electronic transition is
alowed only if one of the combining states has g and the other u symmetry. All
the mentioned selection rules (as well as AS = 0, where Sis the total electronic
spin of the molecule) are valid within the framework of the non-relativistic and
B—O approximation.

The sguare of the second integral in Eq. (13), representing the overlap of the
vibrational wave functions of the combining state:
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Fe=[ [yimrdn | (14)

is caled the Franck—Condon factor (FCF). Unlike the case of pure vibration(—
—rotation) spectra, it is not subject to any selection rules. Very often, the elec-
tronic spectra are recorded using instruments of relatively low resolution, such
that it is not possible to clearly identify the rotational structure of bands but only
the positions of their maxima (“heads’). The magnitudes of the FCFs determine
the intensity distribution within a band system, which consists of transitions
between different vibrational levels of two electronic states. The most prominent
features in spectral systems are band progressions (characterized in absorption by
afixed vibrational quantum number v” of the lower electronic state, and variable
guantum number v’ in the excited state, and fixed v’ and variable v” in emission)
and sequences (V' — v” = const.). If the equilibrium bond lengths and vibrational
frequencies are similar in both electronic states, the most intense band in an ex-
perimentally recorded spectrum corresponds to the transition v/ —v” = 0. A long
progression with the maximum at a quite large value of |v'—v"| indicates that the
equilibrium bond lengths in the combining electronic states are appreciably dif-
ferent. Electronic spectra appear in the visible and ultraviolet region. While the
band heads in a progression are separated from one another by several hundreds
to a few thousand cm1 (corresponding to the wave numbers of the vibrational
frequencies), the separation of the bands in a sequence is usually between severa
tens and several hundreds cm?, reflecting the difference in the values of vibra-
tional frequencies in the two electronic states in question.

The F—C approximation is thus mathematically based on the assumption that
the electric transition moment is a constant quantity. In terms of naive quantum
mechanics or classical physics, if one considers, for example, absorption, it can
be interpreted such that the electronic transition occurs so quickly that the nuclei
remain after the jump from the lower into upper state in the same position where
they were at the beginning of the electron jump. This picture is quite compatible
with that lying behind the B—O approximation. More sophisticatedly speaking,
the transition is most probable to a vibrationa level the wave function of which
has the largest overlap with that of the starting vibrational level (“vertical” tran-
sition).

Going beyond the F—C approximation, the dependence of the electric TM on
the internuclear distance, as indicated by the second term on the right-hand side
of Eq. (10), has to be taken into account. In a diatomic molecule, this only quan-
titatively influences the transition probabilities and can make the transition not
strictly “vertical”. However, in the case of a polyatomic species, the conse-
guences of the incorporation of this term into the treatment can be dramatic; it
can happen, namely, that the value of the electric TM at the equilibrium geo-
metry vanishes, but not its (first) derivative with respect to a particular non-to-
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tally symmetric vibrational coordinate (the unique vibrational coordinate in di-
atomics is totally symmetric). In this case, a transition forbidden in the FC ap-
proximation becomes “vibronically induced”.

The intensity of the spectral band appearing as a consequence of the emis-
sion transition between the vibrational level v’ of the eectronic state € and the
vibrational level v" of the electronic €” is determined by the formula:

4] = 2 _Ev'e'_Ee"v"
lev gyt o< Nv'(Ev'e' - Eev) ‘Re‘v',e"v"‘ € KT =
4 _ Ev'e'_ Eev
=Ny (Eve —Egvr) (TM )e'v',e"v" € KT

where Eye and Eyrer are the energies of these two states, REV'€V" is the vib-
rational transition moment, N,/ is the number of moleculesin the upper state, kis
the Boltzmann constant and T temperature. The notation (TM)ey ey =
:lReV‘e'V "I” for the square of the vibrational TM isintroduced. Since the energy
differences between all transitions to be handled in the present study, namely the
members of the v/ — v” = 0 sequence, (0-0), (1-1),... are negligibly small com-
pared to the energy of the electronic transition, the quantity E,« — Ey»er Can be,
in this context, handled as constant and then the number of the molecules in the
upper stateis:

(15

lev v
Ny oc ———=—— (16)
(TM)ev ey
In the F—C approximation, it is assumed that the electric TM is constant, and in
this case the formula (16) reducesto

Ny ee eV a7
(FCF)e'v',e"v”
where (FCF)ey ey is the F-C factor for the transition considered.
Assuming alocal thermal equilibrium of the system, the ratio of the number
of molecules Ngy in the vibrationa state v’ and in the lowest vibrational state
v’ = 0 of the same electronic species, Ne, is determined by:

N _Eev—Ewo
—& —e kT (18)
Ne'O
e,
In Nev' |__ Eev—Eeo (19)
Ne'o kT

Combining the Formulae (16), (17) and (19), for the sequence v’ = v”, one obtains:
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Ie‘v,e"v
o Mevew |_ _(—Eev —Eeo jl (20)
leoeo k T
(TM )e'O,v'O i
and
levey 1
n (FCF )e'v,e"V _ _( Eev' — Ee'0 ji 1)
leoeo k T
(FCF)epero |

The Formulae (20) and/or (21) will be used later to determine the plasma tempe-
rature.

3.2. Vibrational structure of spectra

Experimentally derived vibrational energy levels of an electronic state are
usually represented by the formula:#

Ey =Tehc+G(v)hc=

1 1 13 (22)
=Tehc+hca)e(v+§j—hcwexe(v+§j +hca)eye[v+§j +...

where G(v) are the corresponding term values (in cm1). In Eq. (22), Te is the
electronic term value; for the ground electronic state Te = 0. Herzberg? called (as
many people working in molecular spectroscopy and/or quantum chemistry have
done) the quantity we (as well as w) the “vibrational frequency measured in cnmr21”.
The subscript “€” in we stands for “equilibrium”. The sense of this notation is the
following: in the case of a harmonic oscillator, w is a clearly defined quantity de-
termined only by the values for the force constant and reduced mass; on the other
hand, the quantity we isjust an empirical parameter appearing in experimentally
derived formulae, such as Eq. (22). It would equal w only if the correction terms
(quadratic, cubic, etc.) in Eqg. (22) were neglected. This is dightly misleading
(see, e.g., recent papers in the present journal®7), because the frequency, such as
in the expressions E = hy and E = 7w, has dimension s (the former, v, is the
linear and the latter, w, the angular frequency, @ = 2nv). Herzberg's  is actualy
the wave number, and formulae of the type (22) will be written in this paper as:
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Ey =Tehc+G(v)he=

1 1) ? (23
:Tehc+(v+§j17hc—(v+zj (a)exe)hc+(v+5j (weYe)hc+...
where;
sl _v_o (24)
A ¢ 2mc

In Eq. (24), v is the wave number (in cm1; to repeat, equal to Herzberg's we),
and / it the wavelength, usualy expressed in nm. However, the notations weXe
and weye Will be retained for the experimentally determined anharmonicity
parameters expressed in cm1, and the parentheses indicate that these formal pro-
ducts will be handled as single quantities. Note that the first cor-rection term in
Eq. (22) appears with a minus sign. This choice was made because the energy dis-
tance between successive vibrational levels amost aways decreases with in-
creasing quantum number v, such that the quantity wexe is positive. On the other
hand, the contribution of higher correction terms, such as weye, Often negligible,
can be either positive or negative.

3.3. Rotational structure of eectronic transitions

If it is assumed that only the nuclei contribute to the moment of inertia of a
diatomic molecule, that the moleculeisin an *X* electronic state and that it isa
rigid rotator, then the rotation functions are spherical harmonics. In this case, the
rotation energy levels are given by the formula:

712
2uré

E(J):Z—IZJ(J+1): J(3+1)=BI(I+1)hc (25)

where
K2 h

B =
2urghc  8n2curé

(26)

isthe rotational constant, expressed in cmL, and the quantum number J takes the
values0, 1, 2,... Each energy level (except for J=0is2J + 1 degenerate, because
the corresponding wave functions also depend on the value of the quantum num-
ber M, measuring the projection of the angular momentum on a space-fixed axis
(2). The projection of the angular momentum on the molecular axis equals zero.
The selection rule for rotational transitionsisJ —J” = 0, +1, with the restriction
that the transition J = 0 <> J = 0 is forbidden.

However, the presence of electrons implies that the moment of inertia about
the nuclear axis is not exactly zero, so that a diatomic molecule (if 1 is not
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neglected) should be handled as a prolate symmetric top rather than as a linear
molecule. The energy formula (25) is then replaced by:

E(J)=[BI(J+1)+(A-B)4hc (27)

where A = %2/(21ahc) = h/(8n2clp), and A is the quantum number for the pro-
jection of the electronic angular momentum on the internuclear axis. For a given
A, the quantum number J takesthevalues J = A, A+1, A+2,...

The presence of the electron spin introduces coupling between electronic
orhital, rotational and electronic spin degrees of freedom. There are several coup-
ling schemes, known as the Hund’'s coupling cases.# The most widely applied
are: case (a), covering the cases when the spin—orbit interaction is so strong that
the projection, X, of the total electron spin on the molecule axis and conse-
quently, the quantity Q = A + X is nearly conserved. In this case the “nearly
good” quantum number Q takes over the role of 4 from Eq. (27), i.e., it repre-
sents the projection of J on the molecular axis and thus for a given Q, the quan-
tum number J takes the values J = Q, Q+1,...; the other extreme represents a
very weak spin—orbit coupling (Hund' s case (b)). In this case, the electron spinis
amost totally decoupled from the internuclear axis. The quantum numbers X and
Q are then not at all good, but instead N, representing the total angular mo-
mentum apart from spin, becomes a nearly good quantum number. Its projection
on the internuclear axisis A.

The appearance of nearly good quantum numbers implies additional not
strictly rigorous but useful (for classification of experimentally observed fea
tures) selection rules. In Hund's case (@), thisisAX = 0, andin case (b) AN=0, £1
(again with the restriction that AN = 0 does not occur in ¥-X electronic transi-
tions). The only rigorous selection rule for rotationa transitions is AJ = 0, 1.
However, even this rule ceases to be rigorous if the molecular nuclei have a non-
vanishing spin. In such a case, the only rigorous selection rule is AF = 0, %1,
where F is the quantum number for the total angular momentum involving also
nuclear spins. However, because of the very weak coupling between the total
angular momentum apart from nuclear spin and the nuclear spin, the selection
rule AJ =0, £1 remains very strong.

Now, the simplest case of the rotational structure of an electronic transition
is considered, namely, when both electronic states are of 1= symmetry, and when
the effects of anharmonicity can be neglected,. The selection rule for rotational
transitionsisthen J = J” + 1 (“R branch”) and ' = J” — 1 (“P branch”). Let us
take J" = J, then for the R branch, J’ = J"+ 1 =J + 1, and the term values are:

V=vo+F'(3)-F"(3")=vp+B'(I+1)(1+2)-B"I(I+1) =

28
=V +2B+(3B'-B")J +(B-B")J2 =9
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1494 RANKOVIC et al.

where 1g is a constant for the given electronic—vibrationa transition, the “band
origin”. For the P branch, ' = J" — 1 =J -1, and the term values are thus:

V=vo+F'(3)-F"(3")=vp+B'(J-1)J-B"I(I+1)=
=Vp—(B+B")J +(B-B")J2

When B’ < B”, the contribution of the quadratic term in J in Eq. (28) is negative,
while the contribution of the linear term is positive (B’ and B” cannot differ very
much from one another). At small J values, the linear term dominates but the dif-
ference in the contribution of the linear and quadratic terms becomes continu-
ously smaller with increasing J; at a certain J value, J = Jy, they equalize, and
after that the quadratic term becomes dominant. Around the J = J;, value (vertex
of the parabola), the rotationa lines are crowded and build a “band head”. The
band head appears at a wave number v, higher than that of the band origin, i.e.,
a the “violet side” with respect to vg. The band is said to be “shaded” (“de-
graded”) towards the red (i.e., towards longer wave lengths). Conversely, when
B’ > B” (this will be the situation for the case handled below), there is a band
head in the P-branch on the red side with respect to the band origin, and this band
is violet degraded. The position of the band head is found when the condition
dv/dJ =0 isfulfilled. In the case when B' > B", differentiating Eq. (29), one ob-
tains:

(29)

(B+B")
2(B-B")
Replacing in Eq. (29) J with J, given by Eqg. (30), one obtains for the term diffe-

rence between the band head and the band origin (in the present case, there is no
spectral line at the band origin, because the transition J = 0 <> J = 0 is forbidden):

Jh = (30)

(B+B")?
4(B-B")
In electronic transitions that do not involve two X species, in addition to the

P and R branches, there is also a Q branch corresponding to the selection rule
AJ = 0. Theterm values are:

V=vo+F'(3)-F"(3")=
=g +B'I(I+1)-B"I(I+1)=vp+(B-B")I(J +1)

Vh—Vo=— (31)

(32)

In electronic transitions between orbitally (I1, A, ...) and spin (doublet, triplet,...)
degenerate species, there are several P, Q, and R sub-branches (sub-bands).
When the energies of rotational levels are determined by Eq. (25), each ro-
tational level is 2J + 1 degenerate. Since the rotational energy is in generaly
much smaller than the thermal energy, ~KT, in usual spectroscopic experiments,
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the lowest-lying (J = 0) non-degenerate rotational level is, because of continu-
oudly increasing statistical weight with increasing J, less populated than some of
the higher levels. Consequently, the maximum within a band consisting of rota-
tional lines that correspond to the selection rule J' — J” = 1 is not at the “band
origin” (the line that involves J = 0 or J” = 0) but instead at those J values for
which an optima compromise between two opposite tendencies, namely, an in-
crease in the statistical weight and a decrease in the Boltzmann factor,
exp|-E(J) / KT|, is reached.

3.4. Spectral systems of MgO

When one starts with the (molecular) spectroscopic aspects of a problem, the
first step isto look into two monographs. The first one is by Herzberg 4910 — it
actually consists of four volumes (the fourth one written in collaboration with
Huber), plus a small additional book containing the heart of the first three monu-
mental ones.11 There is probably no other example in the scientific literature that
the books written in the fifties of the preceding century that have lost almost no-
thing of their actuality. One only has to look at experimental papers published
after that time and to complete in this way the information collected in Herz-
berg’'s books. Herzberg did it himself in the seventies and in his book (with Hu-
ber)10 one can find all relevant data on diatomic molecules published until the
end of 1975. Herzberg's (HH) books have become such a standard source of in-
formation on molecular spectra that many authors of new studies do not cite ex-
plicitly the authors of old experimental works but they simply quote them as
“Herzberg and the references therein”. This praxis will be followed in the present
review. The other unavoidable book is that by Pearse and Gaydon (PG).12 Its
fourth (to our knowledge the last) edition was printed in 1976, i.e., nearly at the
same time as the Huber—Herzberg's compilation of data on diatomics. This edi-
tion contains the data published until the end of 1974. While the three volumes
by HH aso involve the complete theory underlying molecular spectra and nu-
merical values for al possible molecular parameters, such as vibrational frequen-
cies, anharmonicity and rotational constants, internuclear distances, etc. (this is
reflected in the title of the series: "Molecular Spectra and Molecular Structure”),
the book by PG (as the title, “The Identification of Molecular Spectra’ says),
only involves the results of direct spectral measurements, i.e., the positions of
band heads and their relative intensities. Thus, the books by HH and PG arein a
sense complementary to each other: e.g., in the HH books, one finds the transi-
tion energies in wave numbers, while they are collected by PG in wavelengths
(this causes some difficulties when the results from these books are compared
with one ancther; the numbers in HH’s books correspond to vacuum and the
band positions collected in PG to air, and thus the exact wavelength corres-
ponding to a HH wave number cannot be obtained by simply inverting the last
quantity). Those who still believe that it is possible to divide research into experi-
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mental and theoretical would say that the HH's books are aimed at theoreticians
and that by PG at experimentalists.

Selected data for MgO, taken from HH,10 are presented in Supplement B.
HH constructed this table based on about 50 studies published from 1943 to
1975. All spectra observed until 1975 involved eight singlet and four triplet elec-
tronic states.

In the book by PG,12 there are data about five spectral systems of MgO,
namely of a strong green, aweaker red and three ultra-violet systems.

The red system appears in the wavelength range 690470 nm and is assigned
to the BLZ*—ALI electronic transition. The data in the PG monograph are taken
from Mahanti and Lagerqvist and Uhler.13-15 The spectrum was found to appear
in the core of the magnesium arc in air, and in burning magnesium ribbon.
Single-headed bands are degraded to the violet.

The information about the green system, assigned to the BIZ*—X1z+ transi-
tion, was taken from Mahanti13 and L agerqvist.16 This spectrum appears not only
inaMg arcin air, burning Mg ribbon, in flames, shock tubes and in the King fur-
nace, but also in sun-spots. The spectral system is dominated by a very marked
(0,0) sequence and the bands are degraded to the violet. The data for this system
from the PG book are collected in Table I. The measured band position was used
to calculate the vibrational term valuesin the X1z+ and B1Z* electronic states and
to construct the corresponding Dedladres table. In Table |, are also presented the
term values computed by means of Eq. (23) using the vibrational frequencies and
anharmonicity constants given in the literature. 10

The information about violet systems of MgO, appearing between 396 and
364 nm, was based on several studies.1’—21 Two systems of red-degraded bands,
Clz—AlI and DI1z—AlII, and a violet-degraded 3A-3I1 system were detected.
In addition, Singh 22-24 reported on three other red-degraded ultra-violet systems
appearing at 265.2 (Elz*-X1x+), 263.7 nm (F1-X1z+) and 255.6 nm (G-
—X1z+). A violet-degraded band, assigned to GI-AlI, was also detected at
275.01 nm.

Newer experimental studies, including optical spectroscopy, laser—magnet
resonance, laser-induced fluorescence, two-colour resonance-enhanced two-pho-
ton ionization studies and vibrationally resolved photoelectron spectroscopy 2537
have been cited in arecent theoretical study by Maatouk et al.38

Comparing the data collected by HH and PG, it could be stated that HH in-
cluded in their book the A2X*—X2% systems in the (infra-red) region at about
1900 nm, which was only indirectly mentioned by PG. The reason might be that
the first reference used by HH3® appeared between the third and fourth editions
of PG’s book, and the second one?? even later. Interestingly, neither HH nor PG
cited the important study by Ghosh et al.41 PG did not cite the paper by Lager-
qvist and Uhler42 and not even that by Pesi¢, 43 aformer coworker of Gaydon. On
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the other hand, HH included in their book the results obtained by Anti¢-Jova-
novi¢ et al. at the Faculty of Physical Chemistry in Belgrade. 4445 ater, the re-
sults of the calculation of FCFs for the BIE X%+ transition by Prasad and Pra-
sad*6 will also be used.

TABLE |. Term values for bands of the green system, B2Z*—X22* of MgO. The band heads
(subscript h) are taken from ref. 12, and the band origins (subscript o) are computed by means
of the formulae from ref. 10. The numbers without parentheses represent the original wave-
lengths in nm. Numbers in parentheses, without asterisks, in the central field of the table are
the corresponding wave numbers (in cml) obtained without an air—-vacuum correction (i.e.,
they are inverse values of the corresponding wavelengths). Based on them, the term values
(Gy» , Ty and Gy, subscript h) were calculated. The numbers in the central field given in
parentheses with asterisks were obtained as differences of the derived term values

T, (19971), (20753), (21552), (22320), (23103), (23877),  — Z
Gy O, (782, (1581), (2349), (3132), (3906), -
T, 20004, 20818, 21623, 22418, 23205, 23981, 24748, 25506,
Gy 0, 815, 1620, 2415, 3201, 3978, 4745, 5502,
G " v
v v 0 1 2 3 z 5 6 7
O 0 50073 48185

(19971) (20753)
0 (19971)* (20753)*

20004 20818

(762), 1 52060 499.67 481.01
(19209) (20013) (20790)

775, (19209)* (19991)* (20790)*
19229 20043 20848
(1493), 2 51920 49859 480.15
(19260) (20057) (20827)
1539, (19260)* (20059)* (20827)*
19279 20084 20879
(2237, 3 517.74 497.45
(19315) (20103)
2203, (19315)* (20083)*
19330 20125
(2950), 4 516.25 496.21
(19370) (20153)
3037, (19370)* (20153)*
19381 20168
(3673), 5 514.68 494.95
(19430) (20204)
3770, (19430)* (20204)*

19435 20211
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TABLE I. Continued

Gy v 0 1 2 3 2 5 6 7
4493, 6 29353
(20262)
20255
5205, 7 492.39
(20309)
20301

4. QUANTUM CHEMISTRY

At the beginning of nineties (of the previous century), the pope (actually,
one of several) of quantum chemistry, W. Kutzelnigg, once said: “Twenty years
ago, theoretical chemists claimed that they had calculated electronic transition
energies with an uncertainty of 0.1 eV. They claim now that in these twenty years
tremendous progress was achieved in their research field. However, if one asks
them what the uncertainty in calculating electronic transition energies is today,
they would say, 0.1 €V”.

Working within the framework of his dissertation on several low-lying elec-
tronic states of HCN, the senior-coauthor of this review used in 1975 two atomic
orbital (AO) basis sets. The smaller one consisted of 25 gaussians. It was found
to be not flexible enough, and all the final calculations were performed with a
“large” basis involving 27 AOs. The configuration-interaction (Cl) space in-
cluded roughly 20000 Slater determinants, about 2000 of them being selected for
explicit calculations.4” Ten years later, he tried to improve the results employing
50 gaussians, the Cl space was chosen to consist of roughly 500000 determi-
nants, and the secular problem actually solved was of dimensions up to 10000.48
However, the new calculations did not bring anything substantially new. In fa
vour of that speaks also the fact that the old study was cited (up to severa years
ago) 40 times, and the newer one only 16 times (indeed, it was accompanied by
two additiona papers, but the total number of citations for al three of them was
comparable to that of the old paper). This tendency seems to continue. In the ab
initio study discussed below, published in 2010,38 solely the oxygen atom was
described by 145 gaussians but the error margin remained at first sight the same
as before. However, the reader should not come to the premature conclusion that
nothing worthy has been realized in quantum chemistry since the seventies of the
last century. First, in seventies, the usua error margin was 0.1-0.2 eVv49 and
nowadays it is around 0.05 eV for the systems handled in this paragraph. That
does not look spectacular, but recall that 0.2 €V corresponds to the difference
between yellow and red (or yellow and green) colour, while 0.05 eV is only half
a way between yellow and orange. Furthermore, molecules such as MgO and
AlO do not belong to the easiest ones for ab initio computations.
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We do not insist that the title of this section is quite appropriate. It is only
justified if one accepts the more historical than logical concept that molecules
“belong” to chemistry, while atoms are a subject of physics. “Quantum che-
mistry” in its ab initio variant, commented above, is actually a kind of applied
guantum mechanics. It would be more sensible to use the term quantum chemis-
try for investigations such a those carried out, e.g., by Gutman et al.30-59 How-
ever, in this case, a serious aternative to the name “quantum chemistry” would
be “mathematical chemistry” or even something like “applied (mathematical) to-
pology”. This shows how difficult it is nowadays to classify scientific fields, par-
ticularly in terms of traditional categories.

4.1. MgO

The most extensive theoretical ab initio study on the MgO molecule was
recently reported by Maatouk et al.38 and the following discussion will rely on it.
The preceding theoretical studies39:60-72 performed on singlet and triplet electro-
nic states will just be mentioned here. In them, equilibrium geometries, vibrational
frequencies, excitation energies, transition moments and spin-orbit constants were
determined for a number of electronic states lying up to 50000 cn1 above the
ground state. It was found that the ground state X1Z+ represents an open-shell sys-
tem because of the dominant MgtO~ form, and that the ionic—covaent interac-
tions give rise to numerous avoided crossings between the potential energy curves.

Maatouk et al.38 carried out the electronic structure calculations using the
MOLPRO program suite.”3 The potential energy curves, electric TMs, and spin—
—orbit matrix elements were computed for a large number of singlet, doublet, and
quintet electronic states by means of the complete active self-consistent field
(CASSCF) 74 approach followed by the internally contracted multireference con-
figuration interaction (MRCI) method,”>:76 with the cc-pV5Z AO basis sets.”’:78
Here, primarily, the results for the X1t and BIZ+ electronic states (and the
neighbouring species) will be considered, being involved in the transition that
will be discussed below.

In the ground electronic state, X1+, and not far from the equilibrium geo-
metry (F—C region), the MgO molecule has two dominating electronic configu-
rations, ...562 601 214 761 and ...502 662 2n4. At large Mg-O distances, the
latter one predominates. In the FC region, the lowest-lying excited electronic
states of MgO are a3I1 and AlIl, both of them corresponding to the ...562 662
213 761 dectronic configuration, and embedded only 0.2-0.4 eV above the ground
state. The following two excited states are b3z + and B1x+, the first of which has
...5062 601 2n4 761 as the dominant configuration. The B1Z+t state, with a vertical
energy of about 2.5 eV (Te~ 20000 cm—1), has in the F-C region, the same main
electronic configurations as in the ground state. Consequently, the equilibrium
bond lengths and vibrational frequencies are similar in the B1x+ and X1+ states
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but these spectroscopic parameters are quite different from their counterparts in
the other electronic species mentioned. Upon enlarging bond length, the B1x+
electronic state is continuously more dominated by the configurations ...562 662
2n% and ...502 602 212 602, and thus at these geometries it differs considerably
from the X1zt state. Consequently, the electric TM between these two species
shows a strong dependence on the bond length, as seen in Fig. 5 of Ref. 38. The
other electronic states of MgO lie in the F-C region at considerably higher
energies (> 3.5 V).

The results of the ab initio study by Maatouk et al. are compared with the
corresponding experimental findingsin Tablell. It is not our intension to analyse
it; the only goal is to present the reader with the state of the art of modern ab
initio computations. Just a small comment: look at the numbers 3558.50124 and
785.262621 ¢! equivalent to the electronic transition energy and vibrational
frequency, as given in the literature.36 In our opinion, these are examples of
senseless “accuracy” — even the natural width of spectral lines is much larger
than the margin error quoted.

TABLE Il. Comparison of ab initio results®® with the corresponding experimental findings

State Te (Te)exp 4 4 exp WeXe (wexe)(yp le (re)exp
cmt cml cml cm cml  comtl A A
3B3A 52321 340.8 1.85 2.367
33~ 51748 3375 2.03 2.356
21y~ 0
41 44987.9 891.8 1.31 2.172
1511 41390.0 141.2 5.42 2.577
G 40364.1 40259.82 621.4 2.59 1.869 1.8342
21A 39173.6 601.3 85.71 2.650
Elx* 39113.1 377222 698.1 7052 1095 4.18° 1.837 1.8292
37719° 714.2b 1.83b
3811 38050.9 39967 880.5 59.25 1.921
FI1 37322.6 379222 699.2 6962 5.12 4.5¢ 1.786 1.7722
37919¢ 705¢ 6.94 1.766°
7114 1.77d
23y~  31520.3 798.4 28.95 1.991
e3x- 30076 312502 0 002

Cl¥- 295161 30080.62 626.9 632.42 4.19 5.2a 1.886 18732
DA 292282 29851.6% 625.1 632.52 4.27 5.3 1886  1.87182

20835.4¢ 631.6° 5.2¢ 1.8606°
d3A 289305 293002  653.5 6502 434 498 1.875 1.872
29466.2¢ 655.2¢ 1.8710¢
231 282184 283.4 1.61 2.799
c3xt  27703.0 283002 6424 4.60 1.880
Blz+ 193327 19984.0%fi 808.2 824.088 379 4768 1753 1.7372
19982.69
b3zt 77266 673.7 437 1.807
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TABLE Il. Continued

State Te (Te)exp 4 4 exi) WeXe (wexe)a(p le (re)exp
cml cmrl cmrl cnr cmrl cmrl A A
AT 30785 3563.32f 6543  664.42 403 3912 1879 18642
3561.99 664.3929" 3.9203" 1.864325"
3563.8377" 664.3 3.8 1.8636'
3560.11 664.4765 3.9264i
3563 664.4360% 3.92853¢
3558.50124%
a1l 1645.4 24002 644.8 6502 5.3 1.885 1.872
2492 5! 691.1! 40! 1.8687!
26239 6489 3.99
2620.6 648.3M 39m
2618.9453 650.2! 42i
650.18028 42k
Xiz+ 0 0 769.0 785.06af 445 518f 1766  1.7492
0 785.2183 5.1327i
0 785.149 5.079
0 785.262621K 5.12379%

8Ref. 10 and references therein; Oref. 35: Cref. 34; Aref. 37: Sref. 27; fref. 42; Oref. 25; Nref. 20: iref. 28; Iref. 32;
Kref. 36; Iref. 33; Mref. 26

5. QUANTUM MECHANICS
5.1. Perturbative approach

The experimentally derived formulae (23) were either used directly or via
Deslandres Tables constructed based on them for the assignment of the bands
observed in our spectra (see, e.g., Table |). However, for the determination of
plasma temperatures, the FCFs and/or vibrational TMs are also required. In order
to calculate these quantities, the vibrational Schrédinger Equation for the two
electronic states in question has to be solved and the so-obtained wave functions
used to compute the required quantities. In order to avoid explicit ab initio cal-
culations of the potential curves for the electronic states in question, a way must
first be found to extract the potential energy functions which, combined with the
corresponding kinetic energy operator, give the energy eigenvalues as close as
possible to those presented by formulae (23). This problem was solved by using
guantum-mechanical perturbative and variational approaches.

The vibrational Hamiltonian in the form:

H=HO0+Vv' (33)
was assumed where:
2 42 2
HO:_h_d_ 1 X 251 _d_+1§2 how (34)
2udx2 2 2 déz 2
and
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V' =K +I0x4 = (k&3 + kgt ) hew (35)

where x = (r —rg) is the difference between the instantaneous bond length, r, and
its equilibrium value, re, and u is the reduced mass. The dimensionless coordinate
& &= (Na)x, where a = (uw)/fi, and o = K/u is the harmonic vibrational fre-
quency (in s1), was introduced. k3 and k4 are the dimensionless cubic and quar-
tic force constants, respectively, defined as:

— 1 kX = hl/z kX = 1 kr = h
~32he 3T 132q512 73" kg = 2ha 3 12083
It is assumed that |ks| > |ka|, precisely that |ka| is at least by one order of

magnitude smaller than |k3] .
The eigenvalues of the zeroth-order, HO, given by Eq. (34) are:

ks kX (36)

el - (v + %)hw (37)

and the corresponding wave functions are:

(0) (1 _ ¢ _
v (£)=NyHy(£)e 2 —|V> (38)

where Ny is the normalization factor and Hy, is the Hermite polynomial. Applying
the Rayleigh—Schrédinger perturbative approach (see, e.g., ref. 79), the energy up
to fourth order is obtained:

E, =Y +EM + £ + EY + Y (39)

The corrections caused by the term kir3 =k;&3hw are (for details see Sup-
plement C):

2

(2) 15 1 2 7.9
=——|Vv+=| kfhw——Kksh

S|V e

3
(4 705( 1Y ,  1155( 1),
=———| V+= | Ksho—-——| v+—= |k3hw
B3 16 2) 3 64 2I<3

1 3
ey -e3 =0
Since it is assumed that the energy contribution of the term k£r4 = k4§4ha) is

much smaller than that of k§r3 = k3§3ha), it was found sensible to derive in this
case only the results up to the second-order perturbation theory:

(40)

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS




A MULTIDISCIPLINARY STUDY ON MAGNESIUM 1503

2
55121 =g(v+%j k4ha)+gk4hw
(41)

3

(2)__17(, 172 67 1), ,
=—— = ho-—|v+= |Kfho

Eva 4 2) 4 16 2)4

The next terms, E\(IG%, E\(/33, would introduce the expressions proportional to
(v + 1/2)4 and small corrections of the terms (v + 1/2)P with p < 3, etc. (Actually,
the one-dimensional oscillator is such a classical test-system in quantum me-
chanicsthat it is very probable that the formulae (40) and (41) have been derived
many times before. However, we found it easier to rederive them than to find a
source where they are presented). Thus, in the present approximation:

E:(—lk +§k j+(v+ij(1—@k —gkj+
haw 16 8 2 64 16

+(v+£) (—Ek +§k)+(v+lj (—7—05k —Eka (42)
2 4 2 2 16 4

z(v+1j—[v+lj Ek —Ek + v+1 —Ek —Ek)
2 2)0 4 2 2 16 4

We can now establish the relation between the parameters determining the form
of our vibrational Hamiltonian and the experimentally derived parameters v
(= Herzberg' s we), weXe, meYe, €. The quadratic force constant from Eq. (34) is
determined as:

kX = uw? = 4ursc?v? (43)

To smplify the discussion, it is assumed now that the perturbation only
contains the cubic term, and the perturbative energy formulais considered up to
the second-order. The cubic force constants, kX and/or k3, are found by com-
paring the second term on the right-hand side of Eq. (23) with the second term on
the right-hand side of Eq. (42) when k4 = 0. It follows that:

2 u32¢2
k¥ =——= hc
ST/ n WeXe)
It is convenient to replace the expressions (43) and (44) by the more practica
working formulae:

(44)

[ka(au)] = 3.7838x10-8 4 [ v(em1) | (45)

[ka(au)]=1.7810x10-9 /2 [ﬁ(cm—l)]2 [wexe(cm‘l)]
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The force constants are now expressed in atomic units (mg = 1, |e| =1L h=1),u
is assumed in relative atomic mass units ((2C) = 12).

5.2. Variational approach

In variational calculations of eigenvalues and eigenfunctions of an anharmo-
nic oscillator, as well as of the FCFs and TMs for particular combinations of vib-
rational levels of two electronic states, the following procedure is applied. One of
the electronic states, a (typically the ground state), is chosen as the reference one
and the basis functions (being the eigenfunctions of a suitably chosen harmonic
oscillator) are centred with respect to its equilibrium bond length, re. If the po-
tential energy curve is computed ab initio, it isfitted to the polynomial:

2 3 4
Va=ag(r—re) +ag(r—re)” +aa(r—re) +.. (47)
The Hamiltonian is then supposed in the form:

2
Ha=T+Va=——"———5+=K"(r—re) +
2udr2 2
“e (48)
+(a2—%kr)(r—re)2+a3(r—re)3+a4(r—re)4+...
The eigenfunctions of the operator:
2 42
Ho=_ M2 9% Lyr (v _pp)? (49)
2udr2 2

are used as the basis.

Note that in Eq. (48), the quadratic part of the potential energy (47) is di-
vided into two terms. The reason is that the eigenfunctions of a harmonic oscil-
lator of the type (49) with ap instead of kI could lead to a slower convergence of
the results, particularly when the same basis functions for the description of other
electronic states are employed (as will be done); if these states have equilibrium
geometry significantly different from that of the reference state, it is to expect
that more diffuse basis functions than the eigenfunctions of HO would be appro-
priate. Note aso that the particular choice of k' (except the mentioned one, na-
mely, speed of convergence) has no other effect on the results of calculations.
The potential energy curve of the other state, b, is fitted by polynomial seriesin
the same variable as the reference state:

Vb=bo+bl(r—re)+b2(r—re)2+@(r—re)3+b4(r—re)4+... (50)

wherere is (as before) the equilibrium bond Iength in the ground electronic state.
In this case, one aso has a constant and a linear term in (r —r¢), because the two
states in question have different equilibrium bond lengths and their minima are
separated in energy. The Hamiltonian for the b state is: Hy = T + V. Of course,
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instead of ab initio computed potentials, their experimentally derived counter-
parts could be used. As aready stated, the corresponding Schrédinger equation is
solved variationally. The variable (r — re) = x is replaced by its dimensionless
counterpart, &, and the matrix elements are derived with the help of the formulae
(C1-C4) from Supplement C (note that the matrix elements of the operator HO,
Eq. (49), are simply H =(v+1/2)hwd; ). To ensure convergent results for say
20 energy levels, not more than 3040 lba5|s functions are required. The eigen-
functions for the v”-th level of the electronic state a and the v'-th level of the
state b are obtained in the form:
) ) =2
]

v..) ZC

where Lz//,(o)> and |y EO;Z are the eigenfunctions of the operator (49), and ¢"" and
dV the fespective expansion coefficients. The advantage of the choice of the
me basis for both states now becomes clear. The FCF for the two vibrational

states in question is simply:
2 2
(FCF), {Zd" <¢,/J >] ={ZdiV'ciV'} (52)

When the bond-length dependence of the electric TM is taken into account, it is
fitted to the form:

v) (51)

k
R = S Ri(r1e) = T RIOK = T Rica 28K =T RS (59)
k k k

k
(0)>=

(Rc= o ¥2R)) and the vibrational TM is computed as:
eV [0
Rev.e'v" — Zd}/ <l//j Zk: Rq
J

Trpne

A general disadvantage of the presented variational approach isthat it is not
able to describe properly the vibrational states lying close to the dissociation
[imit; at X — oo, each polynomial tends to +oo or to —o, while the potential curve
for areal bound state, asymptotically tends to a horizontal line. However, in the
present study, only low-lying vibrational levels are considered and this drawback
of the method does not play any role.

(54)
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6. DETERMINATION OF PLASMA COMPOSITION

In one of the next sections, the results of the calculation of the equilibrium
composition of plasmas containing Mg, O and H are presented. These calcula
tions were performed by means of a self-written computer program following the
approach developed by White et. al.80 This method is described in Supplement D
—inthis section, only the key points are presented.

For the determination of the equilibrium composition of a gas mixture, the
only quantity needed is the molal standard (Gibbs) free energy function G°. The
Gibbs energy of a mixture of n chemical species containing x; moles of the i-th
species can be expressed as.

G(X)=infi (55)
i=1

X ={X, X 1o, X, } X = {X1, Xp, ..., X} is @ set of mol numbers, and f; is the
chemical potential of thei-th species, given by:

fi =GP +RTInp :Gi0+RTIn(§PjE(q +In§j (56)
X X
In Eq. (56), the notation:
¢ =G°+RTInp (57)
n
X=>"% (58)
j=1

isintroduced, where T is the temperature and p is the total pressure of the system.
Thus, Eqg. (55) can be rewritten in the form:

n :

G(X)=>x (c, +InX

i=1 X

Let it be supposed that one starts with a mixture of atoms of m elements and

that the number of atoms of the element j is proportional to bj. The determination

of the equilibrium composition is equivaent to finding the set of non-negative

values of x; which minimize (59) and satisfy two conditions: i) the mass balance
constraint:

j (59)

> xaj=bj, (j=12 .., m) (60)
i=1

where g;j is the number of atoms of element j in the chemical species (atom,
molecule or ion) i and ii) the charge balance condition,81
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> %a =0 (61)
i=1

where g; is the charge number of speciesi. The summation in Eq. (61) formally
runs over al chemical species, but this sum actually only involves the contri-
butions from atomic and molecular ions and electrons. It is convenient to write
Egs. (60) and (61) as asingle system:

n

inaij =bj, (j=1 2 .., m+1) (62)

i=1
where b1 = 0 and & me1 = &. Starting with any positive set of values X(©) =
={x0, x0), ..., x,(0} that satisfies the conditions (62), and form the expression
analogous to (59), one obtains the optimal coefficients X = {x;, Xo, ..., X} that
lead to the condition 6G(X) / ox; = O for all x;, by applying the iterative approach
described in Supplement D.

This agorithm has been used in numerous calculations of plasma compo-
sition.81-96 The free energy data are taken from JANAF Thermochemical Tables, 97
or computed using derived partition functions based on previous quantum chemi-
cal calculations of molecular structure parameters.8,7,98-100

7. PLASMA ELECTROLYTIC OXIDATION

Plasma electrolytic oxidation (PEO) is high-voltage anodizing process em-
ployed to produce relatively thick oxide coatings on valve metals, such as mag-
nesium, aluminium and titanium, with the incorporation of species originating
both from the substrate and electrolyte. During anodization, two types of oxide
films can grow, barrier and porous oxide ones.101 The type of an oxide film is
primarily determined by the type of electrolyte and by the anodizing conditions.
The thickness of compact barrier oxide films is limited to several hundreds nm
due to the dielectric breakdown initiated during film growth. Anodization of
metals above the breakdown voltage is followed by an intense generation of
sparks.102 Thick and hard oxide coatings formed by the anodic-spark deposition
method can range from tens to hundreds of microns. They consist of a thin bar-
rier layer adjacent to the metal, followed by an intermediate layer with relatively
low porosity, and an outer layer containing large pores, cracks and channels. Po-
rous oxide films are formed in electrolytes that partially dissolve oxide films,103
Such films consist of two regions. an outer one of thick porous-type oxide and a
thin compact inner region lying adjacent to the metal. The thickness of the porous
oxide films can grow to hundreds of microns.

Anodization of metals is accompanied by the emission of a weak electro-
magnetic radiation, mostly in the visible region of the spectrum.104-109 This pro-
cess is termed galvanoluminescence (GL) or electroluminescence.110 GL has
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been investigated by many authors but explanations of the nature and the mecha-
nism of GL are still not completely resolved, because of the complex environ-
ment and the many experimental parameters that determine the intensity and
spectral distribution of GL. During the past severa years, a group from the Fa-
culty of Physics of the University of Belgrade have conducted a number of inves-
tigations of the GL during the anodization of aluminium and showed that the na-
ture and GL intensity depend on the type of the electrolyte (organic or inorganic),
surface pre-treatment and anodizing conditions 111-118

There are two main reasons for investigating GL: The first one is that it
(combined with other kinds of measurements) yields information about the sys-
tem considered, particularly about the microstructure of the oxide films formed in
the anodization process. The second reason is that the discharge built during this
process is a convenient medium for the occurrence of a number of spectral lines
and bands and thus, it can serve as a source of new spectroscopic information.

Surface pre-treatment of samples (surface preparation and annealing) has a
significant influence on GL obtained in inorganic electrolytes. In fact, the pre-
treatment of samples governs the concentration of “flaws’ in oxide films, which
are related to the GL mechanism.111-113,116 “Flaws" is a general term for micro-
fissures, cracks, local regions of different compositions and impurities, etc. The
annealing temperature of the samples is another pre-treatment factor that affects
the GL intensity. Higher annealing temperatures result in higher GL intensities.
Annealing at different temperatures has various influences on the state of the sur-
face of a sample, the number of defects, crystal grains and their orientation, in
other words, on the concentration of “flaws’. The GL of oxide films formed by
anodization of aluminium samples annealed at temperatures above 500 °C showed
that the sudden rise in the formation of gamma crystalline regions caused by alu-
minium annealing is strongly related to the appearance of GL and its inten-
sity 114115118 An analysis based on literature data on simple molecular species
involving the Al atom, as well as those atoms whose presence was possible under
given experimental conditions (hydrogen, oxygen, etc.), showed that the sources
of GL are the molecules AlH, AlO, Al> and AlH», related to the formation of
islands of gamma alumina crystals at annealing temperatures above 500 °C. In
the case of organic electrolytes, GL is agitated by collision of electrons, injected
into the oxide film at the electrolyte—oxide interface and accelerated by the high
electric field (nearly 107 V cm1), with luminescence centres (carboxylate ions)
inside the oxide film,106,107

Anodization of metals above the breakdown voltage leads to formation of a
plasma, as indicated by the presence of microdischarges on the metal surface,
accompanied by gas evolution.209.110 Various processes, including chemical,
electrochemical, thermodynamical and plasma-chemical reactions, occur at the
discharge sites, due to the increased local temperature (103 to 104 K) and pres-
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sure (up to ~102 MPa) that modify the structure, composition and morphology of
oxide coatings.

Given the liquid environment, optical emission spectraoscopy (OES) is the
best available technique for PEO plasma characterization. The main difficulty in
the application of OES for PEO characterization comes from space and time in-
homogeneity of the microdischarges appearing randomly across the anode sur-
face. The first step in the application of OES for PEO is the identification of the
atomic and ionic lines in the visible and near UV spectral region.120-130 Relative
line intensity measurements of species originating in the substrate or in the elec-
trolyte were used for the determination of the electron tempera-
ture.121,123,124,126,128,132 The spectral line shape analysis of hydrogen Balmer
lines were used for an estimation of the electron density.122,123,126-128 The mo-
lecular vibrational temperature was determined from the luminescence of AIO129
and Mg0.131

8. EXPERIMENTAL

In the experiment to be described, 13! samples of a magnesium aloy (96 % Mg, 3 % Al,
and 1% Zn (Goodfellow) with dimensions 25 mmx5 mmx0.25 mm were used as the working
electrodes. They were sealed with insulation resin leaving only an active surface with an area
of 1.5 cm?. Before the anodization, the samples were degreased in acetone, ethanol and distil-
led water, using an ultrasonic cleaner, and dried in a warm-air stream. The magnesium alloy
was anodized in an agueous solution containing 4 g L1 Na,SiO3-5H,0 and 4 g L' KOH. The
electrolyte was prepared using double distilled and deionised water and p.a. grade chemical
compounds. During anodization, the current density was set to 150 mA cm'2,

A schematic diagram of the experimental setup used for the luminescence measurements
is shown in Fig. 1. The anodization occurred in an electrolytic cell with flat glass windows. 197
Two platinum wires (5 cm long, 1 mm in diameter) were used as cathodes. The power supply
was a self-made DC power unit providing voltages of 0600 V and a current of 0-500 mA.
During the anodization, the electrolyte was circulated through the chamber-reservoir system,
and a control temperature sensor was situated immediately by the sample. The temperature of
the electrolyte was kept fixed at 20+1 °C.

Fig. 1. Schematic diagram of the experimental setup used for the luminescence measurements:
EC —éelectrolytic cell; PS — power supply; PP — peristatical pump; CR — chamber-reservoir
system; L — achromatic lens; S — spectrograph Hilger; G — diffraction grating (1200 grooves
mm1); ICCD — intensified charge coupled device; C — controller ST-133; DM — digital
multimeter HP 34970A; PC — personal compulter.
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The spectral luminescence was taken on a spectrometer system based on an intensified
charge coupled device (ICCD). The optical detection system consisted of a large-aperture
achromatic lens, a Hilger spectrometer with diffraction grating of 1200 grooves mm® (wave-
length range of 43 nm), and a very sensitive PI-MAX ICCD thermoelectrically cooled camera
(40 °C) with a high quantum efficiency (Princeton Instruments). The system was used with
severa grating positions with an overlapping wavelength range of 5 nm. The image of anode
surface was projected with unity magnification to the entrance dlit of the spectrometer. The
optical detection system was calibrated using a light emitting diodes based light source.133
The spectra were adjusted to the spectral response of the measuring system. The anodization
voltage and the electrolyte temperature were recorded by a 20-channel digital PC-controlled
multimeter HP 34970A (DM).

9. RESULTS AND DISCUSSION

9.1. Luminescence of the B1X*X15* system of MgO during PEO of Mg

In recent years, several research groups were focused on the investigation of
PEO as a surface-protective treatment for magnesium and its alloys.134-138
Despite numerous studies on metals, primarily on Al, in which OES was used for
the characterization of PEO, there are only few such papers on Mg.128,130,131 139,140
Herein, the results of our recent study on this species are presented.131

In the initial phase of anodization of the magnesium alloy, the voltage in-
creased linearly with time to about 220 V, resulting in a constant rate of increase
of the oxide film thickness. Simultaneously, a weak anodic luminescence was
observed. This stage of anodization was followed by a deflection from linearity
in the voltage curve, starting from the so-called breakdown voltage. During this
phase of the process, a large number of sparks appeared, randomly distributed
over the surface. Sparking luminescence combined with the anodic one and the
total luminescence intensity increased. After the breakdown, the oxide surface
became laced with a number of cracks, pores and channels (Fig. 2).

A number of emission spectral atomic and ionic lines were recorded in the
wavelength range from 370 to 850 nm (i.e., from 11800 to 27000 cm—1). The
species that were identified!*! (K, Na, Mg, H, and O) originated from both the
magnesium electrode and the electrolyte. We refrained from using these lines for
the determination of plasma parameters, such as temperature and electron den-
sity: The spectral resolution was relatively low, so that some of the lines were
overlapped, the strong alkali metal lines were at least partly self-absorbed and
finally, the sensitivity of the measurements depended on the wavel ength, making
comparison of lines appearing in different spectral regions difficult.

9.2. BLy*~-X1x+* Spectrum of MgO

Now, focus was directed on the wave number range between 19950 and
20400 cm1. A number of spectra at different time delays with respect to the
beginning of the PEO process were recorded. A typica spectrum is presented in

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS



A MULTIDISCIPLINARY STUDY ON MAGNESIUM 1511

Fig. 3. It appears as a broad peak with clearly pronounced structure. The most
intense sub-peak is at 19976 cm1, and the other sub-peaks are blue-shifted with
respect to it. While the overall intensity of the broad peak presented in Fig. 3
significantly varied with time, the relative intensities of the sub-peaks within it
showed quite small variations. The below used results for relative intensity of the
local peaks were obtained by averaging over about 30 recorded spectra. The posi-
tions of the sub-peaks are presented in column Exp. 5 of Table IIl. They were
assigned, as will be shown below, to the v/ —v” = 0 band sequence of the B1Z+—
—X1z+ emission transition of MgO.

4.0 pm

0.0 (a) 80.0pm 0.0 (b) so.opm 0.0 (©) 80.0um

Fig. 2. Atomic force microscopy image of the oxide coating on the magnesium alloy formed
after breakdown (anodization time 5 min).131
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Fig. 3. Luminescence spectrum between 19950 and 20400 cmr! obtained after subtracting the
anodic luminescence contribution.13! The peaks are assigned to (v', v") bands of the
BIx*—XIx+ system of MgO. The circles denote the intensities of the peaks as
obtained in the simulation procedure described in the text.
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TABLE lII. Positions (in cm™l) of the v/ — v” = 0 band heads (v},) and origins (V) of the
Blz*—XIz* spectral system of MgO. In parentheses are given the term values relative to the
position of the 0-0 band13!

Para-meter Exp. 141 Exp. 216Exp. 3*3Exp. 412Exp. 513LFit 141Fit 243 Fit 3%  Fit 410 Fit 5131

Vh Vh Vh Vh Vh Vh  Vh Vo Vo Vo
Te 19950 19983.9719984.0
v' 754 796.08 824.08
(@)’ 3.06 444 476
v" 722 758.38 785.06
K%Xe)” 5.96 4.84 5.18
0-0 19966 19965 19967 19971 19976 1996719966 20003 20004 20004
0) 0) 0) 0 © © O © © (O
1-1 20007 20007 20008 20013 20018 2000520008 20041 20044 20044
(41) (42 (4) (42 (42 (38 (41) (38 (400 (40
2-2 20049 20051 20049 20057 20060 2004920049 20081 20084 20084
(83 (86) (82 (86) (84) (82 (83 (78) (8) (8Y)
33 20093 20097 20092 20103 20106 2009820092 20121 20126 20127
(127) (132) (125 (132) (130) (131) (125) (118) (122) (123)
4-4 20146 20137 20153 20153 2015320134 20162 20168 20171
(180) (170) (182) (177) (186) (168) (159) (164) (167)
55 20200 20204 20231 20215 20203 20211 20216
(234) (233) (255) (248) (200) (208) (213)
6-6 20257 20262 20268 20281 20245 20255 20265
(291) (291) (292) (314) (243) (252) (261)
-7 20304 20309 20310 20354 20289 20300 20316
(338) (338) (334) (387) (286) (297) (312)
8-8 20347 20360 20433 20333 20346 20372
(381) (384) (466) (330) (342) (369)
9-9 20388 20517 20377 20393 20434
(422) (550) (374) (389) (430)

A brief analysis of previous experimental studies on the B—X spectral system

of MgO is here presented. In several studies, the rotational constants for the X1+
and Bzt states were precisely determined (Table I1). It was found that they are
very similar in both electronic states, with that for the upper state being dlightly
larger. The similarity of the equilibrium bond lengths and vibrational frequencies,
as well as the fact that the B-X system involves the 1% species, determines the
general structure of the spectrum. It is dominated by the v/ — v” = 0 band se-
guence and the bands have P and R branches. The position of the P band heads
(V) with respect to the band origins (vg) can be estimated by means of the
Formula (31) with B” = 0.5743 cm1 and B’ = 0.5822 cm1;10 one obtains
Vh —Vo =40 cm~1. This large difference reflects the similarity of the rotational
constants for the X1zt and B+ states. The positions of the band heads and band
origins for the v’ — v” = 0 sequence, as measured or fitted by various authors, are
givenin Tablelll.
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The vibrational structure of the blue—green band system was investigated by
Ghosh et al.41 The authors recorded about thirty violet-degraded emission bands
in the wave number region between 19000 and 21000 cm~1 and assigned them to
the sequences v’ —v” = 0, £1, with the vibrational quantum number v up to ten. In
the second column of Table I11 (Exp. 1), the experimental results for the heads of
the v/ — v” = 0 bands are presented. In al previous studies, the positions of the
Blx+—Xx1x+ bands were fitted by various formulas of the type Eq. (23), quadratic
in the vibrational quantum numbers. The parameters Te,V and weXe given by
Ghosh et al. as well as the term values computed using them are presented in the
seventh column of Table Il (Fit 1). Comparison of the numbers in columns Exp.
1 and Fit 1 shows that only the position of the bands up to 44 are reliably
reproduced by Formula (23).

The same band system was later investigated by Mahanti,13 Lagerqvist and
Uhler1642 and Pegi¢.1943 The experimental results of Lagergvist16 and PeSi¢ 43
are shown in columns Exp. 2 and Exp. 3, respectively. The band positions adopted
by PG,12 taken from the studies of Mahanti13 and Lagerqvist,16 are presented in
column Exp. 4. Pedi¢43 adopted from Lagerquist and Uhler42 the parameters
Te,V, and wexe for the positions of the band origins, corrected them to take into
account the difference between the positions of the band origins and band heads
and obtained by means of Formula (3) the term values collected in column Fit 2.
They agreed well with his own experimental results from column Exp. 3. How-
ever, when the original parameters by Lagerquist and Uhler (given at the top of
column Fit 3) were used to calculate the origins of the bands with v’ =v” > 5, as
shown in column Fit 3, the agreement with the corresponding experimental data
from columns Exp. 1 and Exp. 4 (the numbersin parentheses) becomes poor.

The most reliable parameters for the values of the vibrational term are those
presented in the HH book,10 column Fit 4, because they (in contrast to those used
by Ghosh et al. and PeSi¢) involved the correct vibrational frequencies. However,
even they do not describe accurately the positions of v/ = v” > 4 bands. Thus, no
hitherto applied formula quadratic in the vibrational quantum number v has given
good reproduction of the measured band positions for higher v values. This is
easy to explain: The differences in the wave numbers of the successive bands ob-
served (column Exp. 4) are 42, 44, 46, 50, 51, 58 and 47 cn1, and they nearly
follow quadratic dependence only for first few terms. This will be born in mind
in the following discussion.

Bearing in mind the restrictions caused by specific features of our experi-
ment, the results of the study, 131 column Exp. 5 of Table 1V, were found to agree
reasonably with previous more precise gas-phase spectral measurements. Na-
mely, the accuracy of the measured band heads was estimated to be roughly +5
cm1, Furthermore, the position of the bands depended to a certain extent on the
matrix conditions, and it was not possible to resolve the features corresponding to
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isotopic species 24M g0, 2MgO, and 26MgO, the last two each present in relative
fractions of about 0.10.

TABLE 1V. Franck—Condon factors (first row for each quantum number v”), and squared
vibrational moments (third row) for transitions between vibrational levels of the X2+ and
B2z* electronic states of MgO (our study131). Second row: results of previous studies

r
VH v

0 1 2 3 4 5 6
0 .9826 .0170 .0004
.0832 0172 .0002
1421 .0089 .0003°
.0002
1 0173 .9464 .0351 .0011
0172 0482 .0332 .0012
.0480 1.344 .0375° .0001
.0180
2 .0364 .9067 .0544 .0024
0352 .9112.901.0532.0576 .0018°
b b
.0969 .0011
1.263 .0274
3 .0002 .0573 .8632 0751 .0042
.0002 .0532 .8812 .0804° .0033°
.0017 .0606° .857P .0371 .0019
1471 1.179
4 .0005 .0801 8154 .0972 .0067
.0010° .0612 .806° .105b .0029
.0039 08270 1.090 0472
.1981
5 .0011 .1049 .7626 1212
.0075 .108° .752b 0577
2494 .9963
6 .0022 1317 7041
.0035P .135bP .8974
.0130 .3005

3Ref. 46; Pref. 25

9.3. Computation of F—C factors and vibrational transition moments

FCFs and vibrational TMs for the B1z+—X1z+ system of MgO were calcul-
ated by means of the approaches described in Section 5, “Quantum mechanics’.
The potential energy part of the Hamiltonian was assumed in the form of po-
lynomials of the third order in the coordinate X = (r —rg). In this paragraph, the
potential energy and the bond length are expressed in atomic units; thus the
energy is given in hartree (1 hartree = 27.211 eV) and the bond length in bohr (1
bohr = 0.529177 A). The force constants ko and k3 were determined by means of
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Formulae (45) and (46), employing the molecular parameters from Ref. 10 (i.e.,
those appearing in the table presented in Supplement B), giving:

v ( X 12*) —0.111991x2 — 0.07426%°,
(63)

V(B ="} =00910582+0.12331( x+0.0225)” - 0.07844( x+ 0.0225)°

where Are = —0.0225 bohr is the difference between the equilibrium bond lengths
in the excited and ground electronic state. Thus, both potentials in Eq. (63) are
given with respect to the equilibrium bond lengths in the ground state. The form
of the electric moment for the transition between the B+ and X1Z+t states was
estimated based on Fig. 4 of the ab initio study:38

Ree (aU)=-1.2+0.7x (64)

The Schrodinger equation (63) with the potentials was solved variationaly, as
described above.

2000 -
N
5 z
@ o
2 1500 %
po) 5
£
o 1000
o
[
0]
O
0
2 500
S
>
J
0 T T y T v T T 1
33000 32500 32000 31500 31000
v/em”
Fig. 4. A2x* (v' = 0)=X2IT (v" = 0) luminescence spectrum of OH
between 31000 and 33000 cm1.131

The results for the band origins are presented in the last column of Table IV
(Fit 5). For low vibrational quantum numbers (up to v’ = v” = 3), they coincide
with the numbers in the column Fit. 4, generated by employing Formulae (23)
with the same set of molecular parameters. The agreement becomes continuously
poorer with increasing v’ = v > 4, reflecting the restricted reliability of the se-
cond-order perturbative approach used to determine the force constants which ap-
pear in the Formulae (63). The computed FCFs and squared vibrational TMs for
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levelsup tov = 6 are given in Table IV. The FCFs computed by Prasad and Pra
sad*6 and those quoted by Ikeda et al.2> are given in column F-Ceyp. The agree-
ment between these three sets of results, particularly for larger FCFs, is very
good. This indirectly indicates that also the computed vibrational TMs are reli-
able. The ratio (TM2%/FCF) decreases uniformly with increasing vibrational quan-
tum number within the v/ —v” = 0 sequence, reflecting the decrease of the abso-
lute value of the electric TM with increasing bond length (see Fig. 5a).

1.4—-
1.2—-
101
0.8—-
0.6—-

FCF/TM, au
.0

9.9)

0.4 1

0.2—_ ........... A TM

00-+——7— 77—
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G/cm’

0.0 (b)

w11

In(N'v/No)

T I T I T I T I T T T I T 1
0 1000 2000 3000 4000 5000 6000 7000
G /cm’
Fig. 5. @) Calculated Franck—Condon factors (FCF) and squared vibrational transition
moments (TM) for the v’ = v" band sequence of the B1Z*—X1z* system of MgO, as functions
of vibrational quantum number, i.e., of the vibrational term values of the B1Z* electronic state;

b) logarithm of the relative population of thev’ =0, 1, 2, and 3 vibrational levels
as function of the corresponding term val ues. 131
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9.4. Estimation of the population of vibrational levels and determination of
plasma temperature

The relative population, N+ of the vibrational levels in the BIZ+ electronic
state was estimated by means of the procedure described in Section 3, “ Spec-
troscopy”. It was obtained for the levels v/ from 0 to 3 as the ratio of the mea-
sured intensity of the peaks corresponding to the (0-0), (1-1), (2-2), and (3-3)
transitions and the corresponding (squared) vibrational TMs. The values for
In (Ny/Ny'=0) as function of the vibrational term values (G')/quantum numbers of
the BIZ+ electronic state are displayed in Fig. 4b. The nearly linear dependence
of In (Ny/Ny=g) on the G’ leads to the conclusion quasi-equilibrium conditions
existed, at least for vibrational motions. The dope of the straight line, —1/KT, de-
termines the plasma temperature of T = 11500 K. When the TMs are replaced by
the corresponding FCFs, T =~ 9800 K is obtained. The difference between these
two temperature values shows that it is important to account for the variation of
the electronic transition moment with the bond length. Taking into account the
limited accuracy of the present experimental results (the accuracy of measured
intensities was roughly estimated to be 10 %), as well as of the ab initio com-
puted electric transition-moment function, it was considered justified to conclude
that the temperature of the plasmawas T = 11000+2000 K. This value is not very
different from that obtained in a study on AIO (T = 8000+2000 K).129 Assuming
T = 11000 K and using the vibrational TMs for v’ = v = 0-8, the complete v’ —
—v" = 0 band sequence of the B1x+—X1x+ system of MgO is simulated in Fig. 3.
In spite of some discrepancies between the experimental and simulated results,
the general agreement could be considered satisfactory.

9.5. Estimation of the plasma temperature based on the use of OH bands

We additionally determined the plasma temperature by means of the A2L+—
—X2IT (v' = v" = 0) emission spectrum of OH, employing the approach of de
Izarra.142 Four groups of unresolved rotational lines were recorded with the ma-
xima at 32364, 32484, 32597 and 32622 cmL, corresponding to the Qo, Q1, Ry,
and Ry band heads, respectively (Fig. 5). Using Tables 2-5 from Ref. 142, the
temperature was estimated to be 3500+500 K.

9.6. Calculation of the plasma composition

At first sight the difference between the temperature estimated by means of
the intensity distribution within the MgO band system and that derived from the
unresolved rotational spectrum of OH should be a clear indication for the absence
of aloca therma equilibrium (LTE) in the plasma In the first case, one is na-
mely dealing with the vibrational and in the second case, with the rotational tem-
perature, and the possibility that these two motion modes are not in equilibrium
with each other must be taken into account. However, there are also other pos-
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sible explanations. Let it be noted that temperatures similar to those of the pre-
sent study were reported by several authors,121,122,143,144 Baged on experimental
results, Klapkiv143144 proposed a model of the discharge plasma consisting of a
central core (containing electrons, ionic and atomic species) with the temperature
at roughly 7000 K, surrounded by lower-temperature regions involving various
compounds formed in chemical reactions between the species originating both in
the substrate and the electrolyte. Arrabal et al.139 and Hussein at al.128,140 estj-
mated a plasma temperature of 7000 K. Dunleavy et al.122 determined the tem-
perature of the peripheral zone to be about 3500 K by comparing the intensities
of the H, and Hz Balmer lines, while the use of Mg* and Si* lines yielded T =
16000+3500 K for the plasma core temperature. Employing these data, as well as
those for the electron density, they concluded that the LTE conditions were ful-
filled in the plasma core, while the colder periphera region was found to be in
partial LTE.

Now, the consequences of the assumption of the LTE for all degrees of free-
dom under the present experimental conditions will be investigated. Employing
the method described in Section 6, the composition of a plasma containing Mg, O
and H, at temperatures up to T = 12000 K and for pressures of 105, 106, 107 and
108 Pa, was calculated. Pressures in such a wide region were considered because
it was argued that in systems similar to the present one they might be up to ~102
MPa.145 Since the amounts of Mg, O and H in the investigated plasma were un-
known, the computations were performed at Mg:O:H ratios of 1:1:1, 1:1:0, 0:1:1,
and 0:1:2 in order to estimate the influence of a particular choice on the con-
clusions which could be reached on the basis of the results. The free energy data
for 26 atomic/ionic/molecular species involving Mg, O and H (plus electrons)
collected in JANAF tables9” were extended by an extrapolation procedure from
6000 to 12000 K. Some of the results are presented in Figs. 6 and 7.

The results for a pressure of 10° Pa (i.e., nearly 1 atm) and at Mg:O:H =
=1:1:1 arepresented in Fig. 6. At T = 11000 K, 90 % of magnesium isin form of
Mg* and 10 % appears as Mg, while the partial pressure of MgO is about 1/10°
of the total pressure. Slightly below T = 9000 K, the partial pressures of Mg and
Mg become equal, and at lower temperatures atomic Mg is the dominating form
of magnesium. The most abundant form of magnesium in the temperature region
below T = 3000 K is MgOH. The concentration of OH reaches a maximum in the
temperature region between 3000 and 4000 K. Increasing the total pressure fa-
vours the building (i.e., suppresses dissociation) of MgO, and suppresses the ion-
ization process Mg — Mgt + e~. Consequently, at atotal pressure of 108 Pa (Fig.
6b of ref. 131), the partial pressures of Mg and Mg* are nearly equal at 11000 K,
and roughly 0.1 % of the magnesium isin form of MgO. At p = 107 Pa(Fig 6¢in
ref. 131) and T = 11000 K, about 2 % of the magnesium is in form of MgO. Fi-
nally, at p = 108 Pa (Fig. 7) and T = 11000 K, the partial pressure of MgO ex-
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ceeds that of Mg+, becoming only four times lower than that of the most abun-
dant magnesium species, atomic Mg.

8 4

Partial pressures [log (p/p )]

T T T | T I ! I ! I ! I
0 2000 4000 6000 8000 10000 12000
T/K

Fig. 6. Equilibrium composition of the plasma containing a mixture of magnesium, oxygen,
and hydrogen in the mole ratio 1:1:1 at p = 10° Pa.131
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Fig. 7. Equilibrium composition of plasma containing a mixture of magnesium, oxygen, and
hydrogen in the mole ratio 1:1:1 at p = 108 Pa.131

Now an attempt will be made to interpret our experimental results in the
light of the calculated plasma compositions.131 The first question concerns the
reliability of the value of T = 11000 K, based on the intensity distribution within
the BIZt—X1x+ band system of MgO. Is it possible to obtain this molecular spec-
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trum at such a high temperature? First, it should be noted that in LTE, the popu-
lation of the B1x+ electronic state of MgO would be about 7 % with respect to
that of the ground state at T = 11000 K. Thus, it would be large enough to cause
the appearance of an emission spectrum if the MgO molecules were present in a
sufficient concentration at this temperature. The results of the above calculations
of the plasma composition show that this is the case when the pressure in the
plasma core is higher than the normal one. Thisisillustrated in Fig. 8, in which
the temperature dependence of the function pygoxexp(—E/KT) is shown, where E
~ 20000 cm—1xhc, being the excitation energy for the B1X+ electronic state, and
Pmgo is the partial pressure of MgO at different pressures. Two sets of results are
presented; the first (full lines) correspond to a plasma with the global compo-
sition Mg:O:H = 1:1:1, and the second one (dotted lines) to a plasma without
hydrogen, i.e., with the global composition Mg:O:H = 1:1:0. Note that the distri-
butions pmgoxexp(—E/KT) = f(T) are practically same in both cases (except for a
systematic shift of the dotted lines towards larger values) at each particular pres-
sure. This shows that the relative amounts of Mg, O and H, assumed in calcu-
lations do not critically influence the general conclusions that could be drawn.

2 -

R R AR AR AR [ i =F

-
)
N—
<
2,
X
(@)

& ~2510°P

Mg:O:H = 1:1:1 a

84 e Mg:O:H=1:1:0

| ! | ! I ! | ! | ! | ! |
2000 4000 6000 8000 10000 12000 14000
T/K

Fig. 8. Temperature dependence of pygoxexp(-E/KT), where E is the excitation energy for the
BIZ* electronic state, at various pressures for the global plasma composition Mg:O:H = 1:1:1
(full lines) and Mg:O:H = 1:1:0 (dotted lines).131

How reliableis the lower temperature value (T = 3500 K), based on the mea-
sured OH spectrum? Let the problem be sharpened: suppose that it is certain that
an LTE exists and that the approaches for estimating the temperature T = 3500 K
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from the OH band and T = 11000 K from the MgO bands are completely exact.
Does this necessarily mean that there are only these two temperatures characte-
rizing the plasma? Is it not possible that there is a relatively large region of the
plasma where the temperature is, say, 5000 K, but the OH and MgO spectra are
not obtained from this region because the temperature is too high for existence of
OH molecules and too low for excitation of the MgO molecules? In order to ans-
wer this guestion, the function poyxexp(—E/KT) = f(T) is shown in Fig. 9 (at the
moment, we concentrate solely on OH; an analogous analysis could be applied to
MgO), where E =~ 32600 cm1xhc is the excitation energy for the A2X+ electronic
state and pon is the partia pressure of OH. Due to near cancellation of the effect
of decrease in poy and increase in exp(—E/KT) with increasing T, there is amost
no dependence of poyxexp(—E/KT) on T in the temperature region between 4000
and 12000 K, independently of the pressure and globa plasma compositions con-
sidered. The intensity of the OH bands should be even higher if the temperature
in the region where the OH molecules exist were higher than the estimated
T = 3500 K. Two conclusions can be drawn: the OH molecules are formed and
exist only in the peripheral, colder plasmaregion; the temperature gradient between
the peripheral region and the plasma core is very high, having as a consequence a
very narrow plasma region with intermediate temperatures. The second conclu-
sion supports the Klapkiv model,143.144 and is in accordance with the results by

2 -
—— Mg:O:H =1:1:1
--------- Mg:O:H = 0:1:1

Poy, X [eXp(-E/KT)]
&

-8 -

| ! | ! I ! | ! | ! | ! |
2000 4000 6000 8000 10000 12000 14000
T/K

Fig. 9. Temperature dependence of poyxexp(—E/KT), where E is the excitation energy for the
AZy* electronic state of OH, at various pressures for the global plasma composition
Mg:O:H = 1:1:1 (full lines) and Mg:O:H = 0:1:1 (dotted lines).131
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Dunleavy et al.122 who obtained, using a completely different method, a low-re-
gion temperature identical to that of the present study.

10. CONCLUSIONS

The research described in the present review began in the field of material
science. The starting goal was to investigate the behaviour of metal alloysin the
process of plasma electrolytic oxidation. Specia electronics, optics, microscopy
and crystallography were needed to enquire the morphology of the material, par-
ticularly of the thin oxide films produced. In order to obtain information about
the processes which occurred, with the aim to become able to monitor them, lu-
minescence spectra were recorded. Their identification led into the field of
atomic and molecular spectroscopy. The understanding, and in certain cases even
assignment of molecular features recorded, would not have been possible without
the use of results of quantum-chemical calculations. On the other hand, it turned
out that the systems in question could serve as a source of new spectroscopic
information. For an estimation of important parameters, such as temperature and
electron number density, various plasma diagnostics methods had to be applied.
The results of measurements of molecular spectra were combined with quantum-
mechanical calculations for an estimation of the plasma parameters when the
standard approaches failed. In order to understand the appearance of the spectra,
and the features of the system they originate from, the compositions of the plas-
mas in question were calculated. This required the use of methods of classical
and satistica thermodynamics. The message of the present review is just to
show how many different scientific fields encompass an, at first glance, simple
research problem.

SUPPLEMENTARY MATERIAL

Supplements A-D are available €electronically from http://www.shd.org.rs/JSCS/, or
from the corresponding author on request.
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U3BOJ
JEOHA MYJIITUOJUCHUIVIMHAPHA CTYOUJA HA MATHE3UJYMY

PAJZIOMUP PAHKOBHE', CTEBAH CTOJAZIMHOBUR?, MUPJAHA CAPBAH?, BERKO KACAJTULIA?,
MAPHUJA KPMAP', JEJIEHA PAIIUE-TIEPUR' 1 MUJBEHKO [IEPUE'

1<Dmcyﬂu76u7 3a pusuuxy xemujy Ynueep3uieiiia y beoipagy u 2Pysyuru paxynitew
Yuueepsutienia y beoipagy
Y Toky niasMeHe eneKTpOIUTHYKe OKCUIallMje jenHe nerype maraesujyma (96% Mg, 3%
Al u 1% Zn) nobunu cMO ralBaHOMYMHUHHUCLIEHTHU CIEKTap y 0d1acTé TalacHUX OpojeBa u3-
mehy 19950 u 20400 cm™!. IlIupoxu MUK ca jacHO M3paKE€HOM CTPYKTYPOM HPMIIHCAH je
v —v = 0 cexkBeHUMju enexTpoHckor mpenasa BIX+ — X'¥* monexyna MgO. ITpumeHom
KBaHTHOMEXaHHUYKe TEOpHje mepTypdauuje, U3 IMOJOXKaja CNEKTPaIHMX Tpaka H3BENEHa je
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¢opmMa KpHUBHX TIOTEHIIMjaHe eHeprje 3a 0da elleKTpoHCKa cTama. OBe MOoTeHLHjalIcke KPUBE,
KOMOWHOBaHe Ca KBAaHTHOXEMHjCKH W3pauyyHAaTHM eJNeKTPUYHAM MOMEHTOM ITpenasa,
kopuurheHe cy y BapHjauHoHOM pauyyHawy ®paHk-KoHmoHOBUX ¢akTopa M MOMEHaTa
mpenasa 3a omnaxeHe BuOpauuoHe mpenase. Ilopehemem pesynrata OBHX payyHa ca
HW3MEpPEHOM DACIOLeIOM WHTEH3WTeTa y CIEeKTPy W3BelIH CMO PEJIaTHBHY 3alOCemHYTOCT
BUOPALIMOHUX HHUBOA TOPHET eIeKTPOHCKOr cTama. To je omoryhuno nmpoueHy temmepaType
nnasme. TemnepaTypa je monaTHo ofpeheHa Ha OCHOBY CHUMJbEHOT EMHMCHOHOT crieKkTpa AZX*
(v. = 0)-X2I1 (v = 0) pagukana OH. IToj MPETTIOCTAaBKOM MOCTOjamka JIOKAalTHE TEePMO-
IVHaMHWYKe paBHOTEXE M3pauyyHarT je cacTaB IUIa3Me Koja Cafp’K¥ MarHe3ujym, KHCEOHHK U
BOJIOHHK, Y obacTh Temenpatype mo 12000 K 3a mputucke on 10°, 108, 107, and 108 Pa, ma
Ou ce objacHuIA M0jaBa PErMCTPOBAHOT CHIEKTPa U AOTPUHENO PacBeT/baBamwy Mpolieca Koju ce
norahajy 3a Bpeme eNeKTpOoTUTHYKe OKCchpanvje Mg.

(TTpumisero 12. centembpa, pesuarpano 10. oktodpa 2012)
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