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EPR study of hydrogen ions in stressed CaO crystals
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The H ion in CaO is paramagnetic and has an isotropic electron paramagnetic resonance spectrum
above 13 K. Below 13 K, the defect symmetry is tetragonal with (001) as the symmetry axis. In this

present work, the EPR spectrum of H in a stressed sample at 13 K has the same symmetry and spin-

Hamiltonian parameters as of unstressed samples at 4 K. The strain results in a preferential alignment

of the centers along the stretch axis —the (001). The superhyperfine interaction with the magnetic 4'Ca

isotopes in the [001] plane yields
~ A, ~

=11.060. 1 MHz,
~
A

~~
~

=9.1+0.1 MHz with the symmetry axis

along the ( 100) or (010). A model consistent with the results is a T,„ground state with the degenera-

cy lifted by a static tetragonal Jahn-Teller distortion of the lattice that becomes apparent below 13 K.

I. INTRODUCTION II. EXPERIMENTAL DATA

e +H (2)

The optically generated F+ centers and the H ions
then each have one unpaired electron and, hence, are
amenable to electron paramagnetic resonance (EPR)
techniques. The presence of the H ion was verified by
the EPR spectroscopy of deuterium-enriched MgO (Ref.
11) and CaO (Ref. 12) crystals. In CaO, above 13 K, the
EPR spectrum associated with the H ion consists of
two iosotropic lines centered at g =—2. Extended study'
of this EPR signal at liquid-helium temperature reveals
tetragonal symmetry along the (001) crystal axis. A
[H Ca+] model to account for the symmetry lowering
was proposed by Orera, Sanjuan, and Chen, ' in which
the unpaired electron is localized in the 4s orbital of one
of the calcia sites surrounding the substitutional H ion.

However, based on electronic-structure calculations,
an alternative model was proposed by RMm' and Hsu, '

in which the unpaired electron is located at the vacancy
site with the T&„ground state. The Jahn- Teller or
pseudo-Jahn-Teller effect, including the 2s-2p hybridiza-
tion in the H ion, would then further lower the symme-
try.

To resolve the conflicts between these two models, (1)
we show the effect of stress on the H ion at 13 K and
discuss the problem concerning the structure of H
centers in CaO, and (2) we report the observation and
analysis of the satellite structure associated with the H
EPR signals.

Study of substitutional hydrogen ions in MgO and CaO
crystals has evoked considerable interest during the past
ten years. ' These centers consist of a proton surround-
ed by either two or three electrons and occupy an oxygen
vacancy. With two electrons in the vacancy, a region of
local positive charge exists, which can act as an electron
trap. It has been shown that these H defects are the
main traps for electrons excited from F centers and are
responsible for a long-lived luminescence. This reversible
process was described as'

F+h v~F*~F++e

5H= —,
' XCi, XP, (3)

where C» is a spin-lattice coupling constant and P is the
stress. We estimate ' ' Cii to be 9.2X10 ' cm/dyn for
the Mn + ion in CaO —comparable with Feher's result'
of 7.3X10 ' cm/dyn for Mn + in MgO. We therefore
estimate our stress at 45 K and below to be of the order
of 5X10 kg/cm .

To enhance the H concentration, the sample was il-
luminated with 420-nm light. The light source was a
500-W high-pressure mercury arc lamp fitted with an
Oriel 7210 grating monochromator.

The EPR spectra were taken with a Bruker Associates
SRC 200 spectrometer operating at 9.76 GHz. Sample
temperatures were controlled by an Air Products model
DMX-1A/15 closed-cycle helium refrigerator.

The CaO crystals were grown at the Oak Ridge Na-
tional Laboratory using the arc-fusion method. Defects
resulting from additive coloration of CaO crystals at high
temperature and at high pressure of calcium vapors are
primarily F centers and substitutional H ions. ' '7

The sample was cleaved along the principal axis with
dimensions of 7X7X0.5 mm The [001] crystal plane
was epoxied to an oxygen-free high-conductivity copper
rod. The stress on the sample was generated by the con-
traction at low temperature, ' which is larger for copper
than for CaO. Hence the sample was equally compressed
along the (100) and (010) crystal directions. This pro-
cess is equivalent to stretching along the (001) axis and
yields a tetragonal distortion.

At 45 K, the stress-generated shifts 5H of the
(m, =+—,'~m, =+—,') fine structure lines of Mn + EPR
spectra are 6.5 G. Using Feher's' results of the stress
shifts of Mn + lines in MgO, we can make a rough esti-
mate of the thermal stress in our samples at 45 K. Ac-
cording to her analysis, for B ~~ (001) and stress along
(001),
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FIG. 1. (a) H EPR signals from an unstressed sample at 13
K showing the motional averaging e8ect. The line at the center
corresponds to the saturated F+ signal. (b) Stretching manifests
itself not only in the symmetry lowering but also in the induced
preferential alignment of centers along the stretch axis. The
two inner lines correspond to the defect axis perpendicular to
the magnetic field, while the outer two correspond to the paral™
lel direction. The spectrum is measured with 8~~(100) and
Pff(001).

FIG. 2. Hyperfine group {central part) of the H measured
with 8

~~
(100) and P

~~
(001) at 13 K showing the 'Ca

superhyperfine lines (outer part). The SHFS in the central re-
gion is submerged in the H hyperfine signals. The electronic
receiver gain of the outer part is 250 times higher than the cen-
tral part. Diagram on the upper left sho~s the crystal orienta-
tion of the measured EPR spectrum. The stick diagram at the
bottom refers to the SHFS positions of lines corresponding to
the two highly populated H lines.

III. RESULTS

A. Strain effect

At 13 K, stretching along the (001) axis produces a
strain in the crystal and lowers the symmetry from cubic
to tetragonal. The resultant H EPR spectrum (Fig. 1)
at jk3 K has the same symmetry and spin-Hamiltonian pa-
rameters as the unstressed sample at 4 K by Orera, Sanju-
an, and Chen. EPR constants from various sources are13

listed in Table I. Analysis of the liquid-helium tempera-
ture spectrum, including the fact that the lines from for-
bidden nuclear transitions due to the hydrogen nuclear
Zeeman term and the H hyperfine interaction are of
similar strength, has been thoroughly done by Orera,
Sanjuan, and Chen. '

In addition, the efFect of the strain causes the strength
of the H EPR lines corresponding to centers along the
stretch axis to grow at the expense of the other two. The
intensity of a paramagnetic resonance line is a direct
measure of the number of H centers of corresponding
orientation. We designate the number of centers parallel
to the stretch axis by N(0=0'), the number of centers
perpendicular to the stretch axis by N(8=90 ), and the

energy difFerence between these two orientations as AU.
Through the Boltzmann statistics,

r

aU=kT Xin
—,'N(0=90')

k =Boltzmann's constant (4)

we find AU=2. 5+0.4 meV. This AU is greater than kT
at 13 K.

B. Suyerhyperfine structure

Figure 2 displays the satellites of the two highly popu-
lated H EPR lines, with the external magnetic field
8ll(100) and the stretch axis P)l(001) crystal direction.
The two intense H lines are each Ranked by two sets of
eight equally spaced lines of equal intensity. We attribute
these satellites to the hyperfine interaction of the electron
spin in the H defect with those magnetic Ca isotopes
(I=—,') in the [001] plane. We have not observed any
hyperfine interaction with the two Ca ions along the
stretch axis (001).

TABLE I. Spin-Hamiltonian parameters of H centers in the CaO crystal.

Temperature ~ll (MHz) Ax (MHz) A (MHz) Ref.

30 K
4 K unstressed 1.9996 2.0005
4 K unstressed 1.9996(2) 2.0003(2)
13 K stressed 1.9995(1) 2.0005(1)

40.3+1.6
41.2+0.2
40.3+0.6

20.9+0.8
21.4+0.2
21.4+0.4

12
13
15

This work
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when the magnetic field 8 becomes parallel to thee o e stretch

2) 8 rotates in the [001] plane —normal to the stretch
axis: Two sets of SHFS are observed wh th

e is parallel to the ( 100) axis; they move toward each
ot er as the magnetic field departs from the (100) direc-
tion. With 8 (110 t
(Fig. 4).

i !! ), these two sets of lines coincide

These two orientation dependence studies both reveal axi-
al symmetry about the (100) or (010) crystal axes for
the A tensor, as shown in Figs. 5(a) and 5(b).

The EPR spectra are fitted to the following
superhyperfine spin Hamiltonian:

%" Ca = A
II
S,I, + A i (S I„+SI ),

with 5=—,', I='„!A—i!=11.2+0. 1 MHz

constants cannot be obtained from the spectra.
The natural abundance of the C (I=—',a =

—, isotope is
FIG. 3. H yperfine group (central part) of the H measured

with B!!(001 ) and P!!( 001 ) at 13 K showing the 'Ca
superhyperfine lines (outer part).
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axes. The stretch axis P is taken as the (001)
crystal direction.

(1) 8 rotates in the [010] plane —containing the stretch
axis: As the magnetic field 8 departs froin the (100)
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FIG. 4. HHyperfine group (central part) of the Hi measured
with B!! 110) and P!!(001) at 13 K showing the 'Ca

53
superhyperfine lines (outer part). The h fie yper ne structure due to

r is indicated.
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Defect

TABLE II. First-neighbor hyperfine-interaction parameters.

Nucleus a (MHz) b (MHz) (R ) A 10 ~y(0)~ (cm ) Ref.

F+ in MgO
F+ in CaO
H~ jn MgO

H inCaOat13K
[H Ca+] at 4 K
H in stressed CaO

'Mg
4'Ca

'Mg
'H

'H
43C

11
25.66

158
30.5
28.5
28
28
10.4

1.3
2.71

6.7
6.7
0.62

1.7

2.3
2.3
2.1

2780
5800
2400
7540

421
421

2330

23,24
25
11
6

12
13

This work
This work

IV. DISCUSSION

If we decompose the axial superhyperfine 3 tensor of
the electron-calcium interaction into its isotropic and an-
isotropic components a and b, defined by

a=(A„+22 )/3 and b=(A —At)/3, (6)

we obtain the values a =10.4 MHz and 6=0.62 MHz.
The isotropic hyperfine constant "a" is related to the un-
paired electron wave function at the C nucleus through
the Fermi contact term

0.135%. The probability of having one Ca isotope
among the six Ca ions surrounding the H ion is 0.0080,
and the probability of having no Ca isotope is 0.9919;
therefore, the ratio of probabilities is 0.0081. Since only
the four Ca of the [001] plane contribute intensities to
the observed SHFS, we arrive at an expected ratio of
0.0054 between the sum of intensity of the eight lines and
that of the central line. The average observed ratio is
0.0050, which agrees well within the experimental errors.
We conclude that the satellite structures are due to the
unpaired electron of the H ion interacting with the
magnetic Ca isotopes in the [001] plane with the stretch
axis being the ( 001 ) .

stants. However, attempts to draw more information
from the experimental data reported in this paper would
tend to be fraught with ambiguities.

In stressed CaO at 13 K, the observation of axial
superhyperfine splitting by Ca nucleus places the proton
and three electrons in the oxygen vacancy. This defect
configuration of H in CaO is the same as was proposed
for MgO. The electronic structure calculations done in-
dependently by Hsu' and Room' have shown that the
H ground state in the cubic-symmetric unrelaxed CaO
host is of the orbitally degenerate T&„type. In a cubic
host crystal, the direct product [T;„]contains A &g, Eg,
and T2 . The 3& mode does not induce splitting of the
electronic states. Hence, depending on the relative cou-
pling strength of the Eg and Tzg modes, two types of stat-
ic Jahn-Teller distortions are possible, tetragonal and tri-
gonal deformation of the cluster, respectively. ' The
consistency between the EPR results for the externally
stressed sample at 13 K and the unstressed sample at 4 K
support the interpretation that the E mode is the dorn-
inant spontaneous Jahn-Teller distortion at 4 K.

Finally, density-functional-based calculations have
shown that the state of lowest energy is of D4& symmetry,
and, the spin density at the nucleus site is very sensitive
to the amount of internuclear relaxation.

V. CONCLUSION
a =(8n /3h)[g, P, ][g~P~] ~qr(0)

~
(7)

where ~q&(0)~ is the electron spin density at the Ca nu-
cleus. We obtain

~ y(0) ~

=2330 X 10 cm, which is ap-
proximately five times higher than the value at the proton
site.

The observed isotropic hyperfine constant a of 10.4
MHz is about 60 times smaller than in the 4s orbital of
atomic calcia (640.7 MHz). Thus, the unpaired electron
cannot be localized in the 4s orbital of the calcia site.

The point dipole approximation, using
b =(1/h)[g, p, ][g&p&](1/R ), gives an electron-calcium
distance R =2. 1 A in the [001] plane. Values of spin
density at the nucleus and electron-nuclear dipole-dipole
distances of F and H defects of various works are
summarized in Table II. We speculate that the large
difFerence in the H hyperfine interaction for MgO and
CaO is mainly due to the difFerence in the lattice con-

A model for the H centers in CaO consistent with
the EPR results and electronic structure calculations is
that the configuration of the hydrogen defect in CaO is a
proton with three electrons centered in the oxygen vacan-
cy. At 13 K and above the center is isotropic because of
motional averaging known before. ' ' Below 13 K (or at
4 K) the T,„ground state has the threefold degeneracy
removed by a tetragonal (E ) Jahn-Teller distortion of
the lattice.
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