VOLUME 27, NUMBER 24

PHYSICAL REVIEW LETTERS 13 DECEMBER 1971

Oxygen-17 Hyperfine Interaction of the V}, Center in MgO¥

A. Schoenberg, J. T. Suss, and S. Szapiro
Solid State Physics Deparvtment, Isvael Atomic Enevgy Commission,
Soveq Nucleav Reseavch Centve, Yavne, Israel

and

Z. Luz
Isotope Deparitment, The Weizmann Institute of Science, Rehovot, Isvael
(Received 30 September 1971)

An ESR study of vy centers in single crystals of MgO enriched in 170 is reported. The
170 hyperfine tensor components are found to be 1#,171=104.5+0.5 G and 1£,171=14.5+0.5
G. From these results and those for g, and g,, two parameters of the O™ ion in MgO are
determined: The hyperfine interaction parameter «!7 is found to be 22.8 G and the aver-
age of ™% over the 2p orbital is <77 > (=2.75%10% cm 3,

The formation of V centers by y irradiation of
alkaline-earth oxides has been studied extensive-
ly by Wertz and co-workers.™® These centers
give rise to characteristic ESR spectra with
axially symmetric g tensors. Their unique axes
are parallel to the three equivalent [100]-type di-
rections. The g values are centered upon the g,
value of the free electron, and the g, values are
about 2.04. It was proposed that these centers
consist of a positive hole trapped on oxygen, ad-
jacent to a positive- (alkaline-earth) ion vacancy
and associated with a charge compensator, such
as a trivalent transition-metal impurity (Va), F-
impurity (V) or an (OH)™ group (Voy). The Vi
and V oy centers were found to exhibit hyperfine
splittings due to F and H, respectively. The
identification of the V centers as O~ ions with the
unpaired electron essentially localized on the
oxygen was based mainly on the observed g ten-
sors. This conclusion can be substantiated and
more information on the electronic structure of
the center can be obtained by measurements of
the hyperfine interaction with oxygen nuclei.
However, the only stable magnetic oxygen isotope
(170, I=3) has a very low natural abundance
(0.037%) and thus normally no hyperfine splittings
are observed. To overcome this limitation we
have used MgO enriched in !0 and the results ob-
tained and reported in this note represent a sig-
nificant test of a model of one of the intrinsic de-
fects in solids.

Single crystals of !"O-labeled MgO were grown
by the flux evaporation method® from PbF, using
170-enriched powder.® The MgO powder was pre-
pared by dissolving Johnson-Matthey’s “Specpure”
magnesium crystals in "O-enriched water (10%)
in the presence of NH,Cl. The resulting Mg(OH)2
was transformed to MgO by heating to 550°C in

vacuo for two hours and subsequently heating in a
platinum crucible to 1300°C in an argon atmos-
phere. The use of argon was necessary in order
to prevent losses of heavy oxygen by exchange
with the air. The crystals were also grown in an
argon atmosphere, but despite this precaution the
170 content in the crystals was reduced to about
0.5% as determined from the intensity of the sat-
ellites in the ESR spectra. X-ray diffraction and
ESR indicate a significant amount of twinning in
some of the crystals grown.

Upon y irradiation of our crystals one dominant
type of V center was observed. We studied this
center at liquid-nitrogen temperature at both X-
band and @ -band frequencies using a Varian mod-
el E-12 ESR spectrometer. The g values were
determined relative to diphenylpicrylhydrazyl as
a standard for which a value g =2.0037 was taken.
The magnetic field sweep was calibrated using
the isotropic hyperfine splitting of the Mn?* im-
purity which was taken as 86.8 G.” Under low
gain the signal of the V center consists of a dou-
blet with a maximum splitting of #,= 0.8 G when
the magnetic field is parallel to the g, axis and a
minimum splitting of £, <0.3 G for the perpendicu-
lar direction. The g values were found to be g
=2.0032+0.0001 and g, =2.0389+0.0001, where
the errors are estimated from the uncertainty in
the mounting of the crystal and the determination
of the line positions. These results are almost
identical to those found previously? for the V
center: £,7=0.74 G, t,7=0.25 G, g,=2.0031, and
£, =2.0388. The predominance of such centers in
our sample is not surprising in view of the fact
that it was grown from PbF, flux.

In the ESR spectra of labeled crystals at high
gain, satellites due to "0 nuclei are readily ob-
served. In Fig. 1 is shown a typical spectrum for
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FIG. 1. @-band ESR spectrum of a y-irradiated single crystal of MgO enriched to ~ 0.5 at.% 7O recorded at lig-
uid nitrogen temperature. The magnetic field is along the [100] direction, The line positions of the v centers in
the parallel (v;) and perpendicular (v,) directions, as well as their 170 satellites (Nos. 1 to 6), are indicated. The
main line of v recorded at a much larger field expansion and higher attenuation is inserted to show the hyperfine
splitting due to the fluorine nucleus. Some of the other peaks corresponding to known paramagnetic impurities are

also labeled.

H ;. along the [100] direction. The six satellites
due to the centers having axes parallel to the ex-
ternal field can all be seen, while those of the
centers in the perpendicular direction which are
of double intensity are partly hidden under peaks
due to other species. The spectra can be fitted
by the spin Hamiltonian

Y =Beglle Sz +BegL(HxSx +Hvsy)
+t|)17szlz +tl17(sx1x +Sy131)!

with #,17=104.5+0.5 G and ¢,'"=14.5+0.5 G.

These results are consistent with the identifica-
tion of the V center in MgO as O". We shall dis-
cuss them along the same lines as Brailsford and
co-workers,®® who studied the O radical in sin-
gle crystals of alkali halides. They used the
formalism due to Zeller, Shuey, and Kénzig'®*? to
derive expressions for the g and #7 tensors. The
g shifts result from mixing low-lying p, and p,
orbitals, via the spin-orbit coupling, into the p,
orbital, carrying the unpaired electron. The cor-
rected p, orbital is given by

|y =Clp, ) -A(lp, ") +ilp,)),
where

C=[1+26/(2+82]¥2, A=C6/(2+5), 6 =)\/E,
and E is the tetragonal crystal field splitting.
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From these equations one obtains

£178.C% £.=8+4IAC,

where [ is the orbital reduction factor. Compari-
son with our experimental results shows that C?
is very nearly unity. The positive shift of g in-
dicates that a small contribution to |¢) from high-
lying atomic orbitals also exists. Neglecting this
small effect and taking /=1 we find A =0.00986.
For the #7 tensor components the relevant equa-
tions, neglecting second-order terms in A, are

£l =07 +28Y(1 - 3A),
tJ.YT :al’? +4h7’17A<7’-3>z - Bl?(l - 3A),

where B =2hy,,(r™%), and &' =&nhy,,|§,|% Tak-
ing (%), /(»™3),=1.13,*3 two sets of results for
a'” and B'7 are obtained depending on the relative
signs of £,}” and ¢,'".** These results together
with those for O™ in KI are summarized in Table I.
In previous work® on O~ the sign of ¢,'" was
chosen so that a negative @ would result, as was
found in °P atomic oxygen.'®* This choice also
gave (r %), values close to those calculated for
the 2p orbital in a free oxygen atom.!®!516 In the
present case of the V. center in MgO, neither of
the two possible choices results in a negative a'’
and for both cases (77?), assumes values consid-
erably lower than those for the free atom. On the
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TABLE I. g values and 70 hyperfine splitting constants for O,

£ 1 all 2817 (,,-3)8
&i 81 (G) Q) (@ (10% ecm™) Ref.
V¢ in MgO 2.0032 2.0389 104.5 +14.5 42.7 63.7 2.08 This work
104.5 —14.5 22.8 84.2 2.75 This work
O" in KI 1.9733 2.3023 81.4 +17.5 20.4 79.1 2.585 8
814 -—-17.5 -—13.9 121 3.97 8
Hartree-Fock oxygen 2p orbital 103 3.37 15
Hartree-Fock oxygen 2p orbital 120 3.92 16
Oxygen °P —-6.4 106 3.46 13

other hand if the £,!7 is chosen to be negative for
O~ in KI and positive for the V center, the re-
spective values of a'” and (7 %), are very nearly
the same: about 21.6 G for @'” and 2.67 X10%°
cm™® for (r73),. A positive sign for a'” is not an
unlikely possibility; after all, an O™ radical in a
crystal is not the same as a free atom. The O~
radical might show a greater resemblance to an
oxygen atom in a 7 radical where the spin polar-
ization at the oxygen nucleus was shown to be
positive.!”2° Also since the V center lacks re-
reflection symmetry in the xy plane, a small
amount of sp hybridization will result in a posi-
tive contribution to a!”,

The low value of {»"3), for O" compared to that
calculated for the free atom might result from
higher screening by the inner-shell electrons in
O~. This effect is expected to vary continuously
from O~ to the free atom. It would therefore be
interesting to determine the (»"3), values in the
series of radicals O", O,", O,  and other oxy-7-
radicals in which the effective charge on the oxy-
gen is gradually decreasing.

*Work performed under the partial sponsorship of
the U, S. National Bureau of Standards, Grant No, 1-
35772,
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