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Substitutional monovalent sodium ions in MgO and SrO trap holes when exposed to ionizing
radiation at 77 K. The [Na] centers thus formed have (100) axial symmetry at 4. 2 K and
their spin-Hamiltonian parameters are reported. The isotropic part of the hyperfine inter-
action for [Na], which has opposite sign to the anisotropic term, is larger than that observed
for [Li] in these hosts. Optical absorption bands have been correlated with the [Na] centers,
and their peaks occur at 1.58 eV for MgO and 1.34 eV for SrO. Decay temperatures have been
determined to be approximately 190 K for MgO and 160 K for SrO. The EPR, optical, and
thermal properties of these centers resemble those of the V and [Li] centers.

INTRODUCTION

During irradiation a cation vacancy in the alkaline
earth oxides can trap a hole and form the paramag-
netic V center. ' The center has been identified
by EPR studies to have axial symmetry along the
(100) direction, with the hole preferentially located
at one of the neighboring oxygen sites, forming an

0 eon, at any given time. In the case of MgO, an
optical absorption band peaking at 2. 3 eV has been
correlated with the V center. ' The half-width of
the band, -1 eV, is exceptionally large and the os-
cillator strength of -0. 1 reflects neither a purely
allowed nor a purely forbidden transition.

A monovalent alkali ion placed at a cation vacancy
can also capture a hole during irradiation to form
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a paramagnetic, but neutral, [M]' center. The two

types of centers, the V and the [M], are expected
to be basically the same in optical properties and

symmetry, both of which arise from essentially
0 -ion wave functions. [Li] centers in MgO, CaO,
and SrO, s' and [Na] centers in CaO, ' have been
studied and indeed found to have (100) symmetry.
The band peaks of the [M] centers were clearly
shifted from those of the V centers, as might be
expected owing to the altered charge state. The
bandwidth and oscillator strength of the [Li]s center

0in CaO, the only such reported values for [M]
centers to date, did not differ appreciably from
those of the V center in MgO. ' In principle, the
hyperfine structure generated by the alkali nucleus
in the [M] center contains more detailed informa-
tion about the hole wave functions than the structure-
less line of the V center. In this paper, we report
the observation of [Na] s centers in both MgO and
SrO and present optical, magnetic, and thermal
properties of these centers.

EXPERIMENTAL PROCEDURES

Sodium ions were incorporated into MgO and SrO
9during crystal growth in an arc furnace. The

starting materials were MgO powder from the Kanto
Chemical Co. (Tokyo) and SrCo, from the Mallin-
krodt Chemical Co. , each mixed with about 10%

a,COs
To generate the free holes subsequently trapped

by the substitutional Na ions, single crystals of
the oxides were irradiated at VV K with either 2-
MeV electrons from a Van de Graaff accelerator or
60Co y rays. The crystals were mounted into the
EPR spectrometer and subsequently cooled to 4. 2
K without any intervening warmup. All optical
measurements were carried out at VV K with a Cary
14 spectrophotometer, while the EPR work was
performed at 4. 2 or 1.5 K with both homodyne and
superheterodyne spectrometers at X-band frequen-
cies.

Isochronal-annealing experiments started with a

ue= 9.260 GHz

7 =4.2 K
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FIG. 1. EPR spectra
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5 gauss

2 EPR spectra of the [Na] cente r in Owith HFIG. 2.
f ct axis.parallel and perpendicular to the defec

4. 2 Kmeasuremen a at t reference temperature, 4.
lefor the EPR and 77 K for the optical. The samp e

temperature was then rapidly raised to a given val-
ue for 7 min. ponU on cooling to the reference temper-
ate.re the spectrum was remeasured.

EXPERIMENTAL RESULTS

EPR

Figures — s ow1-4 how the observed EPR spectra of

SrO: Na. From the angular variationsMgO: Na and: a.
defect hasluded that in both lattices, the de

(100) tetragonal symmetry. With h ag e icWith the magne ic

there are clearly four major lines m& =

he h erfine structure from the 10(P/0 naturally
abundant ' Na nucleus (I= —,). When

d alon the defect axis, other lines of appre-
cia e inbl intensity appear which arise rom

ru ole and nu-d effects of the hyperfine, quadrupbine e ec
additional linesclear Zeeman interactions. These i '

1-3 where the spectra of themay be seen in Figs. —,w
Na]' center in MgO are displayed at various mag-

netic Iield orientations.
The appropriate spin Hamiltonian is

3C=pg ' g' +n ~ ~ S I A ~ K+I ~ P ~ I-g»p»5 ~ I

1 s mbols have their usual significance.
The angular variation of the spec ra s ow

the tensors are all axial about the 100) . A least-
s uares computer program w pas em loyed to evalu-
ate the spin-Hamiltonian parameteeters using only the
data obtained w eith the magnetic field parallel and

edr to the defect axis. Only the "allowe
&mI =0 transitions were utilized, which e imina es
the nuclear eeman1 Z eman term and the results are tab-
ulated in Ta ebl I A more precise determination

allcould be m e yade b utilizing all the data from a
s but in view of the smallness of thesethe angles, u in vi

parameters, this would be achieved with a grea er
economy o e o uf ff rt sing electron-nuclear-double-

Iresonance tec niques.t h 'q es Also tabulated in Table
is the decomposition of the hyperfine tensor into
its isotropic an a '

d nisotropic components, namely,

I~ = 9.260 GHZ

T= 4.2 K
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FIG. 3. EPR spectra
of the [Na] center in
MgO with H at various
angles to the defect axis.
The spectrum as compli-
cated by additional lines
due to the apparent break-
down of selection rules
arising from the combined
effects of hyperfine,
quadrupole, and nuclear
Zeeman interactions.
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A II
——a + 2b and Ai = a —b. It is interesting to note

that the isotropic portion a for [Na]4 is larger than

that observed for [Li]', ' and that the anisotropic
portion b is of different sign than a for [Li]0 and

[Na] ' in all three alkaline earth oxides, MgO, CaO,
and SrO. Finally, V -center lines were present
in MgO: Na but not in SrO: Na. The latter, however,
contained Na-aggregate centers, which have not been
studied in detail.

Optical Absorption Bands

The spectra of sodium-doped MgO and SrO crys-
tals consisted of broad overlapping bands originat-
ing from various radiation-induced defects. For-
tunately, these defects display decay temperatures
sufficiently distinct to permit separation of the

[Na] -center spectra by comparison of ESR and

optical data at various stages of isochronal anneal-
ing.

MgO: Na

The EPR spectrum showed that there are two
defects present, the [Na] and V centers. Isochro-
nal annealing indicates that at 232 K the former are
annealed out, while the V centers remained essen-
tially unchanged. The optical absorption spectrum
of the same crystals consists mainly of two broad
overlapping bands, as shown in Fig. 5. Indeed,
after annealing at 240 K, a band peaking at 2. 3 eV,
that of the V centers, remained. Subtraction of
this band from the initial composite spectrum yields
a band peaking at 1.58 eV. This resultant band,
representing the defects annealed out, is attributed
to [Na]' centers in MgO. The half-width of this
[Na] band, 0.7-0. 8 eV, is smaller than the - 1.0-
eV half-width for the V band. An annealing study
showed that the [Na] band decays at 190 K.

SrO: Na

The EPR spectrum showed that [Na] centers and

aggregates of sodium ions were present. The [Na]
centers begin to decay at 132 K. At 186 K they are
no longer stable, while substantial concentrations
of the aggregate centers still remain. The optical
spectrum of the same crystals also exhibited com-
posite bands, shown in Fig. 6. The lower curve,
obtained by subtracting the curve after annealing
at 186 K from the composite band, represents
contributions from defects annealed out. Peaks at
3.05 and 1.34 eV resulted. Of these, the 1.34-eV
band is attributed to the [Na] centers. The con-
verse association is ruled out because the 186-K
anneal decreased the 3.05-eV band only by a factor
of 3, whereas the EPR spectrum indicated that the
[Na] centers were completely destroyed. The 1.34-
eV band was found to decay at 160 K.
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0EPR spectra of the [Na)FIG. 4.
d er-center in SrO with H parallel an p

pendicular to the defect axis.

DISCUSSION
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tron irradiation at 77 K (upper
curve). The lower curve cor-
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isochronal annealing at 186 K
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is attributed to the [Na] center.
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from simple electrostatic potential considerations;
that is, the effective charge as seen by the hole
changes from -2 to -1. A comparison of the opti-
cal bands in SrO is not possible, since the V band

has yet to be observed. It should be mentioned that
in this study no V center in SrO was detected,
whereas 4 && 10' -cm V centers were observed in
MgO. In addition, even though both MgO and SrO
were exposed to the same amount of sodium dopants,
they are less readily accepted in MgO than in SrO,
owing to the large discrepancy in ionic size between
the Na and Mg ions. This is shown by the large
concentrations of both [Na] and Na-aggregate cen-
ters observed in SrO, whereas relatively lower
amounts of [Na] centers and no aggregate centers
were detected in MgO.

Ne shall apply our results to the model described
previously. ' '" Its salient features are as follows:
The hole is trapped at an oxygen nearest neighbor
of the alkali ion forming an O . The threefold-
degenerate 2p state of the free 0 ion is split by
the tetragonal crystalline electric field into a dou-
blet excited (P„,p„) state and a ground singlet Q, )
state with an energy separation b. Yhe observed
optical absorptions have been assumed to arise
from transitions between the ground singlet and the
excited doublet states, and therefore are a, direct
measurement of 4. Even though this transition
between the pure P states is forbidden, it has been
expected that suitable admixtures of other states

can be invoked to give a nonzero transition proba-
bility.

The g values of the ground state are given by per-
turbation theory" as

go=2. 00232(1 —x —gx )

g „=2. 00232(1 —x )

where x =X/(6 —2X) and X is the spin-orbit coupling
constant. Obviously, this states that g, will always
be & 2. 00232, which is not the case for the [Na]
center in MgO. Furthermore, using the experimen-
tal values of g, and &, we find

X = -834 cm ' for SrO

=-461 cm ' for MgO.

These are uncomfortably large compared to the
expected free-ion value of X = -135 cm '. In addi-
tion, there is also the question of the relatively
la, rge oscillator strengths observed previously. ~

However, it is possible that the observed optical
absorption energy is not the & described in the mod-
el. The transition probability for the process in-
volving a 4 may indeed be so small that it has es-
caped detection. If this is the case, then the origin
of the observed optical bands need to be explained
somehow. These problems constitute a serious
challenge to the proposed model.

Perhaps other models should be given serious
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considerations. In particular, the hole may be
shared equally by the six nearest-neighbor oxygen

ions which would, of course, exhibit cubic symme-

try. To account for the observed axial symmetry,
one may invoke a Jahn-Teller-type distortion. In

any event, it is apparent that the V, [Li]', and

[Na] defect centers are obviously similar in nature
in MgO, CaO, and SrO, and presumably the correct
model would have to account for the properties of
this entire class of defect centers.
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The frequencies of certain normal modes of vibration of the graphite lattice have been studied

on samples of high-quality pyrolytic graphite by coherent, inelastic-neutron-scattering techniques.
Some of the data are not compatible with certain restrictions imposed by the valence-bond
model as presented by Young and Koppel. Therefore, the data have been analyzed in terms of
a simple axially symmetric, Born-von Klrmln force-constant model. The results show that
appreciable interactions exist between third nearest neighbors in the basal plane. The force
model has been used to calculate afrequencydistributionfunction and the lattice specific heat of
graphite. These calculations are in excellent agreement with the specific heat measured for
natural graphite in the temperature range 1.5-300'K.

I. INTRODUCTION

It is well known that the forces between the atoms
in graphite are extremely anisotropic' '; those be-
tween adjacent basal planes are about two orders
of magnitude smaller than the forces between neigh-
boring atoms in the same plane, which are com-
parable to the exceptionally strong interatomic
forces existing in diamond. In fact these inter-
planar forces are so weak that it is necessary to
handle a crystalline graphite sample carefully in
order to avoid cracking it or cleaving flakes from
its (001) faces. Consequently, the vibrational
modes, which correspond to the displacements of
atoms relative to others on the same basal plane,
have very high frequencies, whereas modes in
which the basal planes move essentially as rigid
units have quite low frequencies.

These lower-frequency modes were studied with
neutron-coherent- inelastic- scattering techniques
by Dolling and Brockhouse. The major difficulty
of any such study on graphite is the lack of large
single-crystal samples. At present only pyrolytic
graphite samples consisting of very thin (-1 p, )
graphite crystallites randomly oriented about a
common c axis are available. Thus, as discussed
by Dolling and Brockhouse, ' essentially the only
portion of the phonon dispersion relation that can
be studied unambiguously by coherent-neutron-
scattering measurements is that corresponding to
the longitudinal modes propagating along the [001]
direction. However, they were able to obtain limit-
ed information about the lowest-frequency transverse
modes propagating along the same direction.

Since the time of this earlier work the quality of pyro-
lytic graphite has improved considerably. It is


