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PARAMAGNETIC RESONANCE OF ELECTRONS TRAPPED ON
HYDROGEN AND THERMOLUMINESCENCE OF CaO CRYSTALS

During irradiation of additively colored CaO crystals into the F absorption band
at liquid helium temperature paramagnetic S=1/2, /=1/2 centers arise having tetrago-
nal symmetry and spin Hamiltonian parameters gl‘ =1.99964-0.0001, g : =2.0000+-0.0001,

A.‘=40.3i1.6 MHz, Ai=20.9:tO.8 MHz, and nuclear g-factor of the proton gx=

=5.6+0.2. The paramagnetic centers are formed by electron trapping at impurity
hydrogen ions H- which replace oxygen ions O2?- in normal lattice sites. Protons are
displaced off center in H2- centers Jlue to the Jahn-Teller effect. Annealing experiments
show that the thermoluminescence peak at around 65K arises due to the tunneling in
the variable distance H?>~—F+ pairs from an excited level at about E=75 meV above
the ground level of the H2- center. A broad peak centered at about 1.3 pm occurs in
ihe photostimulation spectrum, which corresponds to the optical ionization of the H?-
centers.

I. Introduction

Yellow-colored (thermochemically reduced) CaO crystals exhibit bright
orange afterglow over a wide temperature range after being excited with
light into the F absorption band which peaks at 400 nm [']. The recombi-
nation luminescence of undoped crystals has been related to F centers
ionized by light [?]. Relevant hole centers are thus F* centers, yet the
nature of electron traps related to the two main thermoluminescence glow
peaks (below 100K and above 300K [%®]) has not been cleared unam-
biguously. Chen and others [**] have found arguments stemming from
infrared spectra and kinetic measurements for electrons being trapped in
the form of the H?- ijons substituting oxygen ions in the lattice. That
model has been confirmed for traps stable up to the room temperature
[°]. The same model has been proposed for shallow traps, which assign-
ment is based on ESR measurements [®]. In the case of MgO, the filled
shallow electron traps were identified as H?> ions through low tempera-
ture ESR spectra [7], and a different kind of hydrogen trap denoted as
[H]° was made responsible for the room temperature phosphorescence

[®]. Several kinds of hydrogen traps were also found in doped CaO
crystals. In highly colored CaO : Mg crystals a hydrogen-related center
of intermediate thermal stability giving the 180 K thermoluminescence
peak was identified by its ESR spectrum [?]. After X-irradiation of CaO
crystals, two paramagnetic impurity-stabilized interstitial hydrogen
defects have been found: one near Li* [!°] and the other near Mg>*
[''] ion.

Electron transfer from F centers to electron traps above 60 K proceeds
via conduction band upon thermal ionization of the excited states of the F
center [?]. At lower temperatures electron tunneling from the excited
states of the F and F4 centers to the neighboring F* or F} centers has

been found ['?-15].
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A clear correlation between ESR and infrared spectra of the shallow
hydrogen centers as well as with the low temperature luminescence is
still lacking. Below, we shall give new data on paramagnetic and lumi-
nescence properties of undoped yellow-colored CaO crystals which show
the presence of F*—H?~ pairs at liquid helium temperatures.

Recently a paper of Orera et al. [!%] appeared where the ESR spectrum
of shallow hydrogen traps in CaO was investigated. The experimental
data presented in ['®] practically coincide with ours, whereas the inter-
pretation of the nature of the defect is somewhat different (see also

[17, 18])'

II. Experimental

Arc fusion-grown CaO crystals of 99.95 per cent purity were obtained
from W. and C. Spicer, Ltd. Experimental samples were cleaved from
yellow-colored regions which exhibited orange afterglow when exposed
to daylight. The concentration of electrons trapped at anion vacancies
was about 10'"® ecm—? as estimated from optical absorption spectra, the F
band (400 nm) being usually twice as strong as the F* band (340 nm).
Most ESR measurements were performed on a 6.5)X2.8X 1.5 mm? sample
(No. 15) with cleaved (100) surfaces. One sample (No. 16) was prepa-
red for rotating around the (110) axis by grinding the two (110) surfaces
ir} subsequent mixtures of grinding powders and castor oil on a glass
plate.

Samples preheated above 420 K and kept in the dark during cooling to
liquid helium temperature in the X band cavity, exhibited only a F* line
at g=2.0001 and much weaker signals of manganese impurity over a
field interval of 32904500 Gauss.

Optical excitation of crystals was performed either with a high
pressure Hg lamp, the radiation of which was filtered in band-pass
glass filters and contained mainly lines at 365, 405 and 436 nm, or with
a pulsed nitrogen laser (337.1 nm). In the latter case F centers were
excited due to the reabsorption of the fluorescence of F*© centers.

An Oxford Instruments continuous flow cryostat CF 204 together with
the ITC 4 temperature controller were used for spectral measurements.
Absorption spectra were measured with a Carl Zeiss (Jena) Specord
M40 spectrophotometer. Luminescence spectra during the annealing
experiments were dispersed with a small grating monochromator
(3nm-mm-!) driven with a step motor which gave a maximum scanning
speed of 30 nm-s~!. Luminescence intensity was measured with a multi-
alkali cathode photomultiplier and stored in the multichannel analyzer
NTA 1024 (EMG, Hungary).

The electron paramagnetic spectra and their evolution were measured
in the X band Hjp cavity of the phase-sensitive (100 kHz) ERS 230
spectrometer (Acad. Sci. of GDR). To calibrate the magnetic field, the
CaO F+ center resonance line (g=2.0001 ['']) and the readings of the
frequency meter were used. Magnetic field scan amplitude (£10 Gs) was
calibrated in a separate measurement with ®Cr hyperfine spectrum of
Cr3* center in powdered MgO sample supplied by manufacturer. Low
temperature measurements were performed in the Oxford Instruments
ESR 10 continuous flow cryostat. The objects were sealed in a He
atmosphere into a quarts tube of 200 mm length and 4 mm o. d. The cavity
had two optical accesses: one from the side orifice which we equipped
with a solid organic glass lightpipe, and the other along the quartz tube
which contained the crystal and the upper end of which we sealed with
a quartz window, attaching it to a plastic fibre bundle. Both accesses
might serve either as excitation or registration channels.
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Temperature measurement is a special problem in our ESR cryostat,
because the thermocouple is in the helium flow surrounding the quartz
tube with crystal. We made calibration experiments with the equipment
where the crystal specimen was replaced by a 0.25 Watt carbon resistor.
Thermocouple readings above 20 K proved to have confidence at +1K
level, yet below 20 K the uncertainty was greater. We believe that the
spectral measurements with the crystal at minimum temperature (which
we refer to as LHe1) were made at 3 K; this temperature, though uncer-
tain was quite reproducible as the measured line intensities show. Less
reproducible results were obtained by rotating the crystal. The quartz
tube attachment was not centered very well: while rotating, its cold tip
made slight side movements which caused unsteadiness of the line inten-
sities resulting from temperature variations.

Annealing experiments were performed using the Oxford Instruments
ITC 4 temperature controiler. A heating up to the temperature T, at a
rate of 0.2 K-s—! was followed by abrupt cooling, during which the ther-
moluminescence glow died out in a few seconds, and measurement of the
ESR spectrum at LHeT. After that the temperature was set at about 7=
=25 K by regulating the speed of pumping the gaseous helium through
the cavity, and the heater power supply was switched on for a new cycle
Wlth Tk+1=Tk+5 K

ITI. Results
A. ESR spectra of CaO irradiated at LHeT

After irradiating a yellow CaO crystal with light into F band at LHeT,
a group of ESR lines appeared close to the F* line (g=2.0001). These
lines had not been described in literature. The intensities and positions
of the lines in the spectrum depend on crystal orientation. This is shown
in Fig. 1 for the magnetic field rotating in the (010) crystallographic
plane. We have interpreted this ESR line pattern as belonging to a S=
=1/2 defect with the tetragonal symmetry and the hyperfine splitting
by a spin I/=1/2 nucleus. To do that (see Appendix) we used the
theory of first-order forbidden transitions for a system with anisotropic
g-factor and hyperfine coupling A ['*-?']. The forbidden Am,==1 lines
arise due to the anisotropic dipole-dipole coupling of the nuclear spin and
electron spin which, combined with the nuclear Zeeman term g.p.H-I of
the comparable magnitude, give rise to off-diagonal elements between
the nuclear spin states. This is the reason why we saw four groups of
lines instead of two, which is usual for a /=1/2 system. To fit the ex-
perimental data we used the hamiltonian

where g =1.9996+0.0001, g =2.000540.0001, A =40.3+1.6 MHz,
A '=20.9+08 MHz, g,=>5.6+0.2. Second-order contributions from off
diagonal .Sy, S, terms were found to be insignificant when compared
with the experimental errors. The given value of the nuclear g-factor is
very close to that of the proton, and we shall call the lines henceforth
«new hydrogen lines».

Rotational diagram around the [110] axis has given a pattern which
was in qualitative agreement with the tetragonal symmetry of the center.

The angular dependence of the intensity of some lines is given in
Fig. 2. The absolute value for these lines suffered much stronger varia-
tions because they were affected by temperature. The line at 3295.7 Gs,
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which corresponds to a center preserving its orientation of 90° to the field
during the rotation and should therefore have a constant intensity (as an
allowed transition) if the temperature did not change, was used to nor-
malize the intensity of other two lines.
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Fig. 1. Angular dependence of the H?*

ESR spectrum at LHeT when the magnetic
field is rotated in the (010) plane. Central
line is the F+ center resonance. Solid lines
represent the calculated positions.
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Fig. 3. First derivative ESR spectra of the
H?- center (shown by sticks) when the
magnetic field is about 19° out of [001]
direction in (010) plane. The 30 K spec-
trum is measured with increased micro-
wave power and spectrometer gain,
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Fig. 2. Angular -dependence of the H?-
ESR line intensities at LHeT. Crosses are
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When the temperature of the crystal was raised, the new hydrogen
lines in the ESR spectrum began to shift and amalgamate. At 30 K there
remained a simple two-line spectrum of an isotropic center with g=
=2.000240.0001 and A=294-1 MHz. The line width which was below
200 mGs (peak to peak) at LHeT grew up to about 600 mGs at 30 K
(see Fig. 3). These changes were reversible, and after cooling the crystal
to LHeT the picture was restored. Annealing at still higher temperatures
(e.g. 3 minutes at 78 K) leads to irreversible loss of the new hydrogen
lines. Detailed measurements of the thermal stability of the paramagne-
tic center will be described in the next section.

The behavior of the F* line deserves special attention (Fig. 4). When
the crystal was warmed above 420 K and kept in the dark during the
cooling, the narrow (peak to peak width 140 mGs) F* line was measured
at LHeT. After irradiation into the F band, which created new hydrogen
lines, the F* line grew in its intensity and became wider (180 mGs).
After being annealed until new hydrogen lines disappeared, the F* line
nearly retained its amplitude but its «extra» width disappeared. The
greater part of the line narrowing occurred soon when we kept the
crystal in the dark at LHeT until the luminescence afterglow has decayed.

Evaluating those results as an expression of F <> F* conversion, one
must bear in mind that, due to large spin-lattice relaxation time, the F*
line is saturated at LHeT while the new hydrogen lines are not. There-
fore, the intensity changes of the lines cannot be taken as proportional
to the number of centers — the «wings» are less saturated. A crude esti-
mation based on room temperature intensity of the F* line and low tem-
perature intensities of the new hydrogen lines has shown that the number
of F*+ centers was by 1—2 orders of magnitude greater than the number
of created hydrogen centers.

B. Luminescence of CaO crystals

Our spectral measurements have shown that the emission spectrum of
yellow-colored CaO crystals below 100 K consisted of a single band bet-
ween 420 and 780 nm, with its peak at 610 nm and spectral width of 37 nm
at half maximum. The same band was dominant in the fluorescence
during excitation with light into the F band as well as in the phospho-
rescence and the stimulated luminescence after irradiation into F band,
independent of whether the stimulation was by heat (the glow peak at
65 K) or by light (e.g. with laser emitting at 830 nm). This spectfum
arises when the 3T, — !4, transition takes place in the F center (see,
e.g. [?]), and this also occurs when the electron was taken away by
previous illumination and had to recombine with the F+ center.

The glow curve after irradiating the crystal at LHeT had a peak at
65 K (at heating rate 0.2 K-s~') and an asymmetric shape (see Fig. 5).
When the crystal was irradiated at 77 K, then cooled to LHeT and heated
(at the same rate), a more symmetric glow peak occurred at 88K
(Fig. 5). To check whether the above behavior could be caused by more
than one kind of shallow electron traps, the properties of those traps have
been elucidated from a logarithmic plot of the ratio of the luminescence
intensity to the remaining light sum [??] (see Fig. 6). For the low temp-
erature peak a straight line approximates the rising part of the glow
curve giving an activation energy of E,=50 meV and a very small pre-
exponential factor, p;=200 s~!. For the peak at around 88 K we got a
little higher energy of E;=>55 meV and still lower value of ppe=20 s~
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A more detailed fractional thermoluminescence investigation including
isothermic ESR line intensity measurements of the number of new hydro-
gen centers has shown that the light sum decays parallel to the number
of the paramagnetic hydrogen centers (Fig. 7), thus demonstrating that
these centers are responsible for all the thermoluminescence below 100 K.
Every fractional glow curve was alspo used to determine the E and p,
values of the traps. The values were somewhat higher than had been
obtained from complete thermoluminescence curves, yet the overall cha-
racteristics were the same: the activation energy was nearly constant over
the whole temperature interval (E=75-45 meV), and the frequency factor
diminished considerably towards higher temperatures (see Fig. 8).
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Fig. 5. CaO glow curves after irradiation Fig. 6. Logarithmic plot of the glow curves
at LHeT (a) and 77K (b). a and b from Fig. 5. Straight lines repre-
sent the first-order kinetics.
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Fig. 9. Stimulation spectra of the F band ThHi=0 145 2.0
luminescence in a CaO crystal at LHeT. ({257 1P A LI P i
Dots are for the F-irradiated crystal,
crosses after heating to 100 K and solid A

line represents their difference

units

Photostimulated luminescence of ‘F -
CaO crystals, previously irradiated
into the F band, revealed a spectral ]
region where the shallow traps have ML TV %
a wide absorption band. This is l . "!"++
shown in Fig, 9 where stimulation
spectra measured before and after A(w)
heating the crystal up to 100 K are
depicted. The difference spectrum with a maximum at about 1300 nm
represents the shallow traps, the absorption band of which overlaps with
the long wavelength tail of the spectral band peaking at 520 nm which
represents more stable electron traps [°]. Electrons could be transferred
between shallow and stable traps by stimulating the crystal with light of
suitable wavelength, A: at 2>=800 nm the intensity of new hydrogen lines
in the ESR spectrum diminished, while at A<<700 nm the lines grew
higher.
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1V. Discussion and conclusions

The closest nuclear g factor value to our experimental result g,=
=5.640.2 is that of the proton, g,=25.59. The next 100 per cent abundant
[=1/2 nucleus is 'F with g,=5.26. Hydrogen impurity is expected to
be present in hygroscopic calcium oxide crystals due to the thermal
decomposition of hydroxil ions during the crystal growth, The similarity
between CaO and MgO is another argument supporting the assignment
of the trap to the hydrogen impurity, most probably with two additional
electrons when filled (paramagnetic). The new feature we found at low
tTemperatures was the low symmetry of the hydrogen center in CaO (see

able 1).

Decomposing the hyperfine interaction into the isotropic (a) and

anisotropic (b) components

a=1/2(A, +24 ),

b=1/3(A, —A ), ®

we get a=27.4 MHz and b=6.5 MHz. In the point-dipole approximation
the distance between the proton and the unpaired electron spin

r=(gBgpPn/bh)"? (3)
becomes r=2.3 A, which is less than half of the lattice constant in CaO,
ro=4.8A4 [%].

The isotropic hyperfine interaction of the H?>~ ion in CaO is about 5
times less than in MgO. Theoretical calculations [7] and the superhyper-
fine splitting with Mg isotope [?*] have shown that in MgO the H?- ion
substitutes the oxygen in the lattice, the symmetry of the center showing that
the proton is situated in the central position. In CaO the proton may have
an off-center position shifted along a (100) axis which reduces the spin
density on the proton. Reversible changes in the ESR spectrum by rising
the temperature are due to motional averaging (jumps between identical
positions). The 30 K spectrum (identical to that of Tombrello et al. [®])
is isotropic with measured values of g and A (see Table 1) in agreement
with the averaged values (g)=1/3(g ,+2¢ ) and (A)=l/3(AH+2AL).
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Table 1.

Spin-Hamiltonian parameters of the H?- defects in MgO and CaO crystals

& I £ ‘ & A A A

Crystal Il o (MHz)

(==0.0001) (MHz) (MHz)

MgOa) — — 1.9948 — — 15842
CaOb) — — 2.0002 —_ = 28.5
CaQ® LHeT 1.9996 2.0005 — 40.3+1.6 20.9+4-0.8 —-

Ca0® 30 K — — 2.0002 — — 2941
CaO® LHeT 1.9996 (2) 2.0003(2) 41.2+0.2 21.4+0.2 -

¢) Ref. [#*]; ®) Ref. [¢]: © this work; 9 Refifio].

In ['¢] the temperature dependence of the ESR spectrum was analysed
using a method based on the stochastic Liouville equation and an activa-
tion energy of 742 meV was found for jumps between equivalent orien-
tations (90 degree jumps).

Symmetry argument says that the off-center displacement of the pro-
ton is not a static lattice defect. If the origin of tetragonal symmetry
were a casuzl impurity or vacancy (e.g. that of the Ft+ center), the
motion of the proton could not lead to a isotropic spectrum. We assert
that the pseudo-Jahn-Teller effect, including 2s—2p hybridization in H?~
ion, is the cause of lowering the symmetry.

An alternative model, denoted as [H-Ca*]° was proposed in ['?],
where the trapped electron is located on one of the calcium ions (the
nearest neighbor to the H- ion) and no emphasis was made on static
shifts of the ions. However, in a rigid lattice the state of lowest energy
should be that of the octahedral symmetry, which contradicts the low
temperature experimental finding. A cluster calculation (similar to those
made for anion defects in MgO [??6]) is underway to find the actual
wave function of the trapped electron and the equilibrium positions of
the ions.

Now we can discuss the role of the hydrogen traps in F <> F+ photo-
conversion processes. As is known from earlier work (e.g. [2]), photo-
excitation below about 50 K does not lead to ionization of the F center.
However, hydrogen traps are effectively filled at the lowest temperatures.
Electron tunneling to hydrogen traps from the excited F level should be
regarded as the trapping process. This is possible for F centers having
in some neighborhood one or more anion vacancies filled with H- ion.
The broadening of the F* line in the ESR spectrum after irradiation at
LHeT shows that the newly-created F* center acquires a disturbing
neighbor. If the perturbance is caused by the dipole-dipole interaction
between the magnetic moments of the F* and H?- electron spins, their
average distance could be estimated from 6 to 10 lattice constants. This
is less than the average distance between F centers. Therefore we can
assume that F+ and H?- centers form isolated pairs, recombination in
which is giving phosphorescence at LHeT. About 1/3 of all created H2-
centers disappear during this process. The rest can be abolished either by
heating or infrared light. Thermoluminescence follows the first-order
kinetics during the rising part of the peak. The small value of the pre-
exponential factor says that recombination is not a usual thermally acti-
vated process with E as the barrier height and p, as the frequency of
local vibrations. Thermoluminescence rises as a phonon-assisted tunnel-
ing process where E is the distance to an excited (vibrational or rota-
tional) state and p, is the tunneling matrix element [*], or a somewhat
modified quantity [®]. The value of py is even decreasing in the course
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of repeated thermal annealing (see Fig. 8). This is the result of increas-
ing the mean barrier width for the pair after cleser pairs have been
exhausted. The activation energy which we assign to the excited level in
the hydrogen trap remained nearly constant, thus confirming our assump-
tion that the hydrogen traps responsible for the complex glow peak below
100 K differ mainly in having various distances from the F* centers.
However, if temperature rises above 60 K, thermal ionization of the exci-
ted F centers and, possibly, also of H?>~ centers, begins to complicate the
luminescence kinetics, as the redistribution of electrons at some other
traps becomes essential. This was confirmed by the appearance and
growth of the lines in the ESR spectrum in a addition to those described
above. Interpretation of these lines lies out of the scope of this paper.
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Appendix

In this Appendix we calculate the ESR resonance fields and line
intensities for the spin system with anisotropic dipole-dipole coupling of
the nuclear spin and electron spin for the case when the nuclear Zeeman
term has a comparable magnitude with the hyperfine terms. Our treatment
is essentially the same as in the book by Gordy ['?], except that we shall
account for the anisotropy of the electron g factor (see e.g. [*']).

The spin Hamiltonian which describes interaction between the nuclear

spin and the electron spin in the presence of the applied field ;1 is

Let the é and A tensor have an axial symmetry (symmetry axis along
[001] crystallographic axis) and the same principal axes, the nuclear
g factor g, be isotropic, and the magnetic field be in (010) plane.

- A =

First we diagonalize the electron Zeeman term BH-g-S by rotating
the electron spin reference frame x., y., 2. about y axis by an angle

v[*]

g
tan =——tan 6, (A2)
I

where 0 is the angle between the magnetic field and the defect symmetry
axis. The Hamiltonian in the new electron spin coordinates is

o g, g,
Ko=gBHS' +S (1A, ——cos 0+L:A  ——sin ) +

’ gll ng . ’
+Sx(lel—g—-cose—IzA”—g—-sm9)+Al1ySU— (A3)
— @nPnH (12 cos 041,sin0),
where g?= (g cos0)’+ (g, sin )2
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The terms proportional to S’ and S’y give rise to second-order correc-
tions and we neglect them. The rest of the Hamiltonian (A3)

&
—gpt1S 41 (A 1S, — gualt ) cos 0+
g (A4)
+IX(A _L_gi_ S; _ganH) sin 0

we diagonolize by rotating the nuclear spin reference frame x., yn, 2x
about y axis by an angle ¢, where

8.

A 1 ‘E_ S’Z = ganH
tan p= - tan 0. (AD)
I o
A ” g—Sz — gnﬁnH

The hamiltonian, diagonal in both electron spin and nuclear spin
states, is

K=gpHS + [( A —S’ — gnpnH )2 (cos 0)%4
(A6)

/2

g, Yk e
+(A,?S’Z—gnﬁnH)(sm6)2] <B4y

=

Suppose that /=8=1/2. Let

A= [(A " Eg“— s> 2gnprH )2 (cos (9)2’+(Al Bnt )2 (sin 6)"’]”2 ;

Ai= [(A : % + 2gnpnH )2(cos 6)2—1—(/1l %L—%— 2gnpnH )2 (sin 0)? ]1/2.
(A7)

ESR line positions and intensities for the defect parallel (6=0°) and perpendicular

is such that

0 Pu P H(1) H(2)

1 1
0° 0° 0° ﬁ (h‘Vo—hV n ) (hV0+hV n )

D‘ :‘1!

ett) s
3 —90° 90° w—if vy 2 ——| hvot- A .
90 90 +90 ¢ p F o e P g
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Using this notation we can write four eigenvalues of the Hamiltonian
(A6). Two in the upper electron spm state S8’ =+-1/2 are

Eu(+) =5 gBH + - A,

f : (A8)
Eu(—)=—gBH — A,
and two in the lower electron spin state S’ =—1/2 are
| 1
E:(+)=—.7g6H +* —4-A+,
(A9)

1 1
Ei(—)=——5gpH —— A+

Eigenstates of the Hamiltonian (A6) may be expanded in the nuclear
spin states |+—2l—> and |—71> (quantization axis parallel to H) by

T . .
simple rules (3-dimensional rotation of spin 5 wave functions). Disre-

garding the part of the wave function which depends only on electron
spin coordinates we get

FIELA N WL WV B, (I B
|4 )i=cos 5= +5-) +sin=3

2 ’

u 1 . Qu 1
|—)u=——sin—q)—\ +——>+sm-~cp—l TG

1

(A10)
I-}-):——sm — ‘ +—— >-{-cos | —

|—)1—cos——|+—>+cos ‘— : >

where the rotation angle ¢ (A5) is different for the upper and the lower
electron spin states (p. and ¢, resp.) due to the difference in the local
magnetic fields produced by the electron spin magnetic moment on the
nucleus.

Table Al

(?:90") to the ]applied field H when the splitting hv, of the nuclear spin levels
—A <hv,<—A
2 4 LAY

1(1) =1(2) H(3) H (4) 1(3) =1(4)
: h A ) : F lA ) 1
¢ EF( v°+2 I Z_ﬁ_( Tty
1 - (Avot-hvy) 1 (Avo—hv ) 0
=ty Vn —(AVp—NVn
g B ’ g B
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Thus we have four resonance fields corresponding to four possible
transitions between the lower and the upper electron spin states

3= 12 B =] o= 1-—an ],

: . &t ]

e e by )% H(2)='?ﬁ‘_hvo-r~4—(14——z4+) -
1 r ; ) (Al1)

B ol e X H(3)=E_ﬁVo—i-4—(A—+A+)J ;

l_>l—’|+>u: H(4)=g—1[3-hv°_%('4_+'4+)d "

where vo is the spectrometer frequency.
If the g factor anisotropy is small, its effect on the line intensities is
negligible [??] and we may write the normalized line intensities as

2

1(1)=1(2)=Icos-(;—lsin%——cos-——wg sin-—(g' ‘. ,
(A12)

= — Lo Pu s Puj 1 LOSHE ‘2

1(3)—1(4)—|cos 5~ €08 —5—+ sin——sin——| .

If the crystal is oriented so that the defect symmetry axis is parallel
or perpendicular to the applied magnetic field, the spin Hamiltonian
parameters may be determined exactly (Table A/). The signs of the prin-
cipal elements A and A of the hyperfine coupling tensor A cannot be

specified, but they must be the same (both plus or both minus). Note that
for this defect at X band frequencies a special case occurs occasionally:
for the defects parallel to the applied magnetic field the local electron
field on nucleus A“/(2g,,[3,,) is greater than the absolute value of the

applied field H and for the defects perpendicular to the applied field the
local field is smaller: A /(2g.f.)<<H. This is the reason why there is

an orientation angle (either 0° or 90°) for every resonance where the lire
is forbidden.
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VESINIKULE HAARATUD ELEKTRONIDE PARAMAGNETILINE RESONANTS
JA TERMOLUMINESTSENTS CaO KRISTALLIDES

Aditiivselt védrvitud CaO kristallides tekivad vedela heeliumi temperatuuril F-neel-
dumisribas kiiritamise ijdrel paramagnetilised tsentrid (S=1/2, /=1/2), millel on
tetragonaalne siimmeetria ja mille tuumne g-faktor (g~=>5,6+0,2) vastab prootonile.
Need tsentrid tekivad elektroni haaramise tagajérjel hapnikku kristallvore solmes asen-
davale vesiniku ioonile (H-), kusjuures prooton nihkub H2--tsentris voresolmest Jahni-
Telleri efekti tagajarjel korvale (100) suunas. Madalal temperatuuril tekib CaO kris-
tallides elektroni tunneliileminekute tagajérjel varieeruva vahekaugusega F+—H2--paaride
rekombinatsioonluminestsents. Termoluminestsentsi maksimum 65 K piirkonnas on
seotud tunneliileminekuga ergastatud vonkenivoolt, mis asub ligikaudu 75 meV korge-
mal H2--tsentri pohinivoost.

Toomac PBIBIM, 'eope JIHMH J1bS1

NMAPAMATHUTHBIA PE3OHAHC 3AXBAYEHHBLIX HA BOILOPOJE
3JIEKTPOHOB U TEPMOJIOMUHECIHEHIUSI B KPUCTAJIJIAX CaO

B aaauTHBHO oKpaweHHbix kpHcrajiax CaO B pesysbrate obsyuenus B F-nojoce mo-
IJIOUICHHS] NIPH TeMNepaType »KH/AKOTO TesiHsi BO3HHKAIOT napamarnuTible ueHtpol (S=1/2,
1=1/2) TeTparoHa/AbHOIl CHMMETpHH, HMelollHe sifepublii g dakrop (gn=5,640,2), coor-
BeTCTBYIOUHI TMPOTOHY. DTH LEHTPHl BO3HHKAIOT B pe3y/bTaTe 3aXBaTa 3JEKTPOHA HA HOHe
Bojopoaa H~—, 3amewiaiouleM HOH KHCJIOpPOJAAa B yale peLIeTKH, NMPHYEM MPOTOH H3-32 3(-
dexkra Slna—Tennepa cmemaercs u3 y3aa B Hanpasiennn <<100>. Huskoremnepa-
TypHasi peKOMOHHALHOHHAs JIOMHHECUEHLHs OKpaleHHbiXx Kpucraaaos CaO Bo3nHKaeT B
pe3yabTaTe TYHHEJbHBIX NEPeX0J0B 3JeKTpoHa B mapax Ft—H?-, uMeiomux nepeMeHHbie
paccrosnus. [TMK TepMOCTHMYJHPOBAHHOI JioMHHecUeHIHH npH 65 K cBsizaH ¢ TyHHeJbHbI-
MH Tnepexoiamu ¢ BO30YKAEHHOro KoJeGaTeqbHOro YpPOBHS,  PacroJOKeHHOro  OKOJO
75 M3B Bbllie ocHoBHOro ypoBHsi H2—-ueHrtpa.
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