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Electron paramagnetic resonance of Ir4+ ions in MgO and CaO
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Electron-paramagnetic-resonance spectra of Ir4+ were studied in single crystals of MgO and

CaO. In each host an isotropic cubic spectrum and two anisotropic tetragonal spectra were ob-
served. Models are proposed for the tetragonal centers, one with a host cation vacancy at a

next-nearest-neighbor site to an Ir4+ ion in a [100]-type direction, and another including also a

cation with a charge greater than 2 at a next-nearest-neighbor site to the vacancy on the defect
axis. The tetragonal spectra exhibit quadrupole interaction. The fitting of the spin-Hamiltonian

parameters to the EPR spectra was carried out by using a FQRTRAN Iv version of the
MAGNSPEC computer program. The EPR results were used to calculate crystal-field, magnet-

ic, and covalency parameters.

I. INTRODUCTION

The electron-paramagnetic-resonance (EPR) spec-
trum of Ir + ions has been extensively investigated,
theoretically as well as experimenta11y, in several iri-
dium salt complexes. ' In oxide environments the
EPR of Ir4+ has been studied in single crystals of yt-
triurn gallium garnets. The cubic spectrum of Ir +

has been reported in single crystals of MgO, and in

powdered samples of CaO and CdO. ' In this paper
we report a detailed study of Ir + ions in single crys-
tals of MgO and CaO.

The structure of the isomorphous crystals MgO and
CaO is fcc. The impurity ions enter substitutionally
for the divalent host cations. Divalent impurity ions
need no charge compensation and therefore are ex-
posed to an octahedra1 crystalline field due to the six
0 ligands. However, charge compensation is need-
ed when the impurity ion is trivalent or tetravalent.
This can happen, for example, by the formation of
vacancies of the divalent host-cation. One vacancy
can compensate one tetravalent or two trivalent irn-

purity cations. Charge compensation needs only be
achieved over a relatively large volume. An oc-
tahedral center means that the separation between
the impurity and the compensating vacancy is greater
than two unit-cell lengths. In this case the corre-
sponding EPR spectrum in alkaline-earth oxides wi11

be isotropic (or may exhibit a Jahn-Teller effect if the
ion involved has an orbital degeneracy). Deviation
from pure octahedral symmetry is obtained if the
charge compensating vacancy is in the near vicinity of
the impurity ion. In this case, the local symmetry
will be either tetragonal or orthorhombic, depending
on whether the vacancy is in the [100] next-nearest-

or [110] nearest-neighbor position, respectively. EPR
spectra indicate that tetragonal distortions are the
most significant in the alkaline-earth oxides. ' The
observation of tetragonal centers of Ti +, Cr'+, Fe'+,
and Mn4+ in MgO and CaO has been reported in the
past. " Most of the Ir + centers reported here ex-
hibit tetragonal symmetry. A small fraction of Ir +

ions is located at octahedral sites, represented by a
cubic isotropic spectrum. Other sites of lower sym-
metry were also observed and their investigation is
being continued.

II. EXPERIMENTAL

Single crystals of MgO doped with 0.5 mo1% IrC14
were grown by the flux evaporation method with
PbF2 as flux. " Single crystals of CaO doped with Ir
were grown for us by W. & C. Spicer Ltd. by melting
CaCO3 with 0.2 mo1'!0 Ir metal powder in an
electric-arc furnace. Spectrochemical analysis showed
a concentration of the order of 1000 and 100 ppm Ir
in the MgO and CaO crystals, respectively. The as-
grown MgO crystals were yellow in color; the as-
grown CaO was milky and slightly yellowish. No
EPR spectra were detected which could be associated
with Ir ions in the as-grown MgO crystals. After y or
x-ray irradiation the spectra of Ir4+ together with
those of other Ir species can be observed. In CaO
the EPR spectra of Ir4+ were observed in the as-grown
crystals. A ovarian X-band EPR spectrometer was
used in the temperature range 4.2—120 K. The fit-
ting of the spin-Hamiltonian parameters to the EPR
spectra was carried out with an IBM 370/160 comput-
er using a FQRTRAN Iv version of the MAGNsPEc

program. "
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III. THEORY

A tetragonal field splits the orbital triplet into a
singlet ~0 ) and a doublet

~
+ I ) with an energy

separation h. The sign of 5 may be either positive or
negative in accordance with the nature of the tetrago-
nal field. The splitting due to the spin-orbit coupling
of the orbital triplet (X„=gLA. L S) yields a quartet

(J= —,) and a doublet (J =-, ) with an energy

separation of —,A. with respect to the quartet. J
= L +S, and the spin-orbit-coupling cons'tant is equal
to f and f f—or an electron and a hole, respec-
tively. Here g „is the spin-orbit-coupling constant
for an electron, between two t2, molecular orbitals.
The solution of the secular equation obtained from
the Hamiltonian matrix of both spin-orbit coupling
and tetragonal distortion yields three Kramers doub-
lets. The ground doublet for the t~~ configuration
A

+-(regardless of the sign of 6) is given by":

A+ = cos5~ + I ) —sin5~0 )
+

=cos5( —I ) + —sin5~0 )

(2a)

(2b)

where tan25=42k/(5+ —,X). The energy level of
this state with respect to the cubic Tq~ ground state
is located at

Eg = —5+—h. +—(b +Eh. + —A. )'t
2 4 4 (3)

The spin Hamiltonian for a tetragonal spectrum can
be written in the form:

3C= gpss BHzsg + gyp, tt(H„S„+HySy ) + A pigs,

+W,(l„S„+l,S,) + Q[l,' —,
' l(l+I)]—

+ p, tt(H, I, +H„l„+Hrly)

The spin-Hamiltonian parameters for the A +-

The electronic, configuration of Ir + is Sd'. Experi-
mentally, all ions studied in both 4d and sd transi-
tion-metal groups are found to belong to the
"strong-field" category. The ground state of the d5

configuration in a strong octahedral crystal field is

Tqs (tqs) and thus it can be treated as a hole in the

t2~ shell. In the following treatment we neglect any
admixture of the excited configurations (tq, e„etc.).
The orbital triplet T2~ in a cubic symmetry can be
represented, in the first approximation, by a fictitious
angular momentum L =1, with an effective orbital g
factor gL = —1. The eigenfunctions in this new base
are given by'

[I ) = Y)', (0 ) = ( Yg —Y'g )/K2, (

—I ) = —Yt'

ground doublet are

g~~=g, sin~5 —(g, +2k „)cos~5

gq = —(g, sin~5+ 42k„sin25)

A []
= PK cos25 +2N„P ————co» + sin

2 6 2 3

7/2

&q=Ptrsin 5 2N —P +
7

sin 5+ sin252 2 1 ~ 2 11
14 2

(6)

Q =—„N„'e'Qo(1 —R) (r ') (3 cos'5 —2)

IV. RESULTS

A. MgO

No spectrum which could be associated with Ir ions
could be detected in the as-grown MgO crystals.
After y or x-ray irradiation the following spectra were
observed:

(a) An isotropic spectrum of Ir4+ designated I.
This spectrum was previously investigated by Suss
et al. 6

(b) Two anisotropic spectra of Ir + of tetragonal
symmetry designated Tand T'.

(c) An Ir~+ spectrum undergoing a static Jahn-
Teller (JT) effect. "

(d) Other spectra associated with Ir4+ which are not
yet fully interpreted.

Reduction of the crystal in hydrogen at 1000'C
produces a weak Ir + spectrum. '

The anisotropic tetragonal T spectrum was studied
in the temperature range 4;2—120 K. It is a superpo-
sition of three spectra of tetragonal symmetry due to
static distortions of the octahedron along the [100]-
type directions. In the literature such a spectrum is

Here g, =2.0023 is the free electron g factor. k
and N„are the orbital reduction parameter and the
molecular-orbital (MO) wave-function normalization
factor, respectively. ~ is the core polarization factor
containing covalent effects and admixtures of excited
6s states. e, Qo, and (I —R) are the electron charge,
the nuclear electric quadrupole moment, and the
Sternheimer shielding factor, respectively.
P =2y&paptt ( r ' ), y~ is the nuclear magnetogyric
ratio, p,~ and p, ~ are the Bohr and nuclear magne-
tons, respectively.

For a pure octahedral crystal field: d =0 and
2

cos 5
3

~ Thus one obtains g = g[] =gq, A = A ]]
= A

and Q =0

g = —
—,
'

(g, +4k„)

A=P( —~ ——N )1 8

3 7
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sometimes called "a spectrum of three ions per unit
cell." The spectrum of each site can be described by
the axial spin Hamiltonian given in Eq. (2). For Ir4+,

S = 2. The two stable isotopes ' 'Ir and ' 'Ir have,
1

respectively, natural abundance of 38.5'/0 and 61.5/o
and nuclear magnetic moinents of (0.1453 +0.0006)
p, w and (0.1583 +0.0006)p~. '6 Both isotopes have
a nuclear spin I = 2. The ratio of the nuclear electric

quadruPole moments 's'Qa /'9'Qa of the two Ir iso-
topes is equal to 0.91 +0.03." '9'Qa is about 0.9 b
and '

Qa is about 0.82 b. 's The parameters of the
spin Hamiltonian are given in Table I. The EPR
spectra of Ir4+ in Mgo at g11, gq, and gl1101 at 52 K are
shown in Figs. 1, 2, and 3, respectively. (At 77 K
the spectra of the two Ir isotopes are not resolved
and at 4.2 K the spectra are saturated. ) Each figure
consists of (a) the experimentally recorded spectrum
and (b) a stick diagram of the calculated spectrum.
The fitting of the spin-Hamiltonian parameters was
made using the MAGNspEc program, which exe-
cutes an exact diagonalization of the spin Hamiltoni-

1 3an 8 X8 matrix (due to S =
~

and I =I). The spec-

trum at ga (Fig. 1) consists of an equally spaced, four
line characteristic spectrum ( I = i ) for each isotope

due to h, m =0 transitions. The separation between
two adjacent lines (neglecting second-order correc-
tions) is Ai~. The spectra of the two isotopes are only
partially resolved. The quadrupole interaction does
not affect the spectrum in this particular direction. In

g,t, (H —e,) =+(—,'~, ) +(c+D),
with intensities

(10)

[sin(a' —n ))' .

(ii) Another group of four lines, which we desig-

the spectrum at gq (Fig. 2) some of the four addition-
al resonance lines (for each isotope) due to the quad-
rupole interaction are observed. These lines are the
hm = + 2 transitions. Careful examination of the
spectrum in Fig. 2 sho~s deviation from tge features
expected from perturbation theory' in the form of
slightly unequal sparing of the hyperfine lines due to
4m =0 transitions. Further, an asymmetrical spacing
of the lines due to h, m =,+2 transitions about the
two dim =0 inner lines is not consistent with
perturbation-theory predictions. Approximated ex-
pressions which well describe the positions and inten-

1 3
sities of the spectrum at gqfor S=

2 and I=
2 can

be obtained by neglecting the off-diagonal matrix ele-
ments of the hyperfine interaction. The spin-
Hamiltonian matrix is thus reduced to four 2 x 2 ma-
trices which can be diagonalized exactly. The solu-
tion yields two groups of resonance lines':

(i) A group of four lines, which we designate as
group [0] (due to the four possible combinations of
the + and —signs) at fields given by

TABLE I. Resonance parameters for Ir4+ in single crystals of MgO and CaO.

Host Spectrum A (10~ cm ') g (10~ cm-') Q/A j

MgO
1.7385 (15)

g„=2.261(2)

gj = 1.460(2)

'»A =26.7(5)
'9'A =25.0(5)

27.0{5
A ),

=24.9(5)
'93A =261{5)
'9'A, =24.0{5)

1930 5 5(5)
»'0 =6 O(5)

Q/A l) =0-211
'9'(0/A j) =0.250

CaO
g~ = 1.475(2)

1.773{2)

A & and 0 are the same as for the T center in MgO

»3A =26.9(S)
'"A =247(5)

52

g)1 =2.310(2)

gg = 1.484{2)

26.8(5
A, =24.6(5)

'"A, =26.0(S)
A =23.8(5)

193@ 5 3(5)
191@ 5 8(5)

'»(0/A, ) =0.215
'9'(0/A ) =0244

52

g1~
=2.273(2)

gg = 1.507(2)
A ~~, A~, and Q are the same as for the T center in CaO 52

'Ref. 6.
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FIG. 1. (a} Tetragonal T spectrum of Ir + in MgO at
52

~n g, at g~~,

K, and 9.428 GHz. H~, is along a [100] direction. (b)
The calculated spectrum.

FIG. 3. (a) Tetragonal T spectrum (two sites) of Ir4+ in
MgO at gI~~O~, 52 K, and 9.428 GHz. Hd, is along a [110]

1

direction. b The calculated spectrum. The intensities are
multiplied by —.2'

nate as group [2] at fields given by

gLP, (H —HP) + (—AL) + (C —D) (12)

with intensities

where

C = (AL +2ALg +4g )'~

dp
Cp

here

D =(AL —2ALg +4g~)'~~

tan 2m+-= v 3 g/(+ A q
—g )

Hp = h vlgLp, s

(14)
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FIG. 2. (a) Tetragonal T spectrum of Ir4+ in MgO, at g&,
52 K, and 9.428 GHz. Hd~ is along a [110]direction. {b)
The calculated spectrum. The intensities are multiplied by —.2.

FIG. 4. &. Calculated positions and intensities of the reso-
nance lines versus 0/A~ at g& for a general case of S =—

=3 2

and I = 2. The ratios 0/3& for ' Ir and ' I d'r are indicated

by the small arrows at approximately 0.21 and 0.25, respec-
tively. For accurate values of these parameters for both
hosts see Table I. Solid line represents group [0], broken
line represents group [2].
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The calculated positions and intensities of the eight
resonance lines for gq(8=90') from the above equa-
tions are shown in Fig. 4. It can be seen that for
small values of Q/Aq one obtains a group of four
strong ("allowed" ) lines due to the Am =0 transitions
(group [0], designated ao, bo, co, and do) and a group
o our weak ("forbidden") lines due to hm =+2

a2, 2, c2, and d2j.transitions (group [2], designated a b

e esignation of the resonance lines is consistent
with that used in Ref. 14. When Q/A & increases, the
intensity of group [0] decreases and that of grou [2]
increases. At Q/A&=0. 5 the intensities of both
groups are equal. The assignment "allo~ed" and "for-
bidden, " of course, does not have the usual meaning
here because of the strong admixture of the wave
functions with different m values. The separation
between a; and b;, c; and d;, where i = 0 2 is Agp s ~

In a general direction of Hd„ the treatment, which

has to be handled by computer, yields 12 resonance
lines. The additional lines are due to 4m =+1 tran-

sitions (group [1]) and are designated as a~, b&,

c~, d~. The lines a~ and b~ are located symmetrically

between aa and bo, as are c~ and d~ between co and

dp Fig. 3). In the [110]direction the intensity of the
lines of group [2] almost vanishes and no resolution
between the spectra of the two Ir isotopes is ob-
served. The computer calculated angular variation of
one site of the spectrum is sho~n in Fig. 5. For this

calculation the parameters given in Table I were used.
The angular variation of the resonance lines relative
'to Hp (where Ho- it v/gP} is given in the upper part

and the relative intensities of the various groups are

given in the lower part of Fig. 5. The agreement
between the experimental and calculated results is

very good.
%hen then the spectrum at gq is investigated at higher

sensitivity one can observe an additional spectrum
which we designate T'. The intensity of this spec-
trum is about 25 times less than that of the T spec-
trum given in Fig. 2. At X band the T' spectrum is

on!on y partially separated from the T spectrum. A full

separation between the T and T' spectra is bt
'

d

at ~ band. Ia ~~ an . It was found that at gq these two spectra
are very similar (they have the same A and Q) except
or their intensities and a slight difference in the

value of gq (see Table I). The T' spectrum in MgO
was observed only in the vicinity of gq, in other
directions it broadens beyond detection. Thus no
value of gtt and A [[ could be measured in this host for
the T' center.

60—

0
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I

60
I

dl
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B. CaO

Two types of EPR spectra of Ir + were observed in

the as-grown CaO crystals: (a) an isotropic spectrum
designated I; (b) two anisotropic spectra of tetragonal
symmetry T and T', where T' is the spectrum of the
smaller anisotropy.

y or x-ray irradiation of the crystals produces Ir +

ions which exhibit a static JT effect. '~ The spectra

L-
R
UJ

Z,' l93
Ir

(o)

FIG, 5.G, 5. Computed angular variation of one site of the

tetragonal T spectrum of Ir4+ in MgO Thg . e positions and in-

tensities of the resonance lines are shown in the upper and

lower parts of the figure, respectively. One line represents

the average intensity of each quartet of the transitions [ol,
[Il, and f2l. Ho= h u/gP and 8 is the angle between H&,

and the tetragonal axis of the site.

(b)
l9l

Ir

I t
l

FIG. 6. (a) Isotropic spectrum of Ir4+ in CaO at 52 K,
9.367 GHz, a-nd with H~, along a I.110] direction. (b) The

calculated spectrum.
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(a) and (b) are not affected significantly by irradia-
tion. The spectrum T' vanishes after heating the
crystals either in an oxygen atmosphere or in air at
1000'C for 24 hours. This spectrum does not reap-
pear after exposing the crystals which underwent the
heat treatment to ionizing radiation. Reduction of
the CaO crystals in a hydrogen atmosphere for 24
hours at 1000 C results in the vanishing of the dif-
ferent types of Ir4+ spectra and the appearance of a
weak Ir + spectrum. '

The intensity of the isotropic spectrum 1is about
50 times less than that of the anisotropic T spectrum.
The spin-Hamiltonian parameters are given in Table
I. The isotropic EPR spectrum of Ir' in CaO with

H~ along the [110]direction is shown in Fig. 6. In
the [111]direction this spectrum is hidden by the T
and T spectra.

The anisotropic spectra T and T' both have approx-
imately the same intensity and features characteristic
of a spectrum with "three ions per unit cell. " The
spectra can be fitted to the axial spin Hamiltonian
given in Eq. (4), with the parameters given in Table
I. Both spectra are very similar since both have the
same Ago Aq, and g and differ only in the g factors.
The measured and calculated spectra for the T center
in crystals heated in oxygen at g]] gj and gliiol are
given in Figs. 7, 8, and 9, respectively. These figures
are very similar to the corresponding Figs. 1—3 for
the T center of Ir + in MgO. The linewidth in MgO
is larger than in CaO. One of the reasons for this is
that there is a larger concentration of Ir ions in MgO
than in CaO (10:I),as determined by spectrochemi-
cal analysis.

(o)
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(b) 00

l
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X l/2

)] Il

H

l9l
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I95
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l

I

FIG. 8. (a) Tetragonal T spectrum of Ir + in a heated
crystal of Cao, at g~, 52 K, and 9.418 GHz. H~ is along a
t100] direction. {b) The calculated spectrum. The intensi-

1
ties are multiplied by 2.

The computed angular variation and intensities of
the T center in CaO are almost the same as for the T
center in MgO and are therefore. not shown here.
The spectra at g[l and gq in the as-grown CaO crystals
in which the rand T' centers are present are given
in Fig. 10. One can find crystals taken from various
parts of the melt in which the intensity of the T spec-
trum is greater than that of the T' spectrum, and vice
versa.
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FIG. 7. (a) Tetragonal T spectrum of Ir4+ in a heated
crystal of CaO, at gll, 52 K, and 9.418 GHz. H~, is along a
[100j direction. {b) The calculated spectrum.

FIG. 9. (a) Tetragonal T spectrum of Ir4+ in a heated
crystal of CaO, at gti~ol 52 K, and 9.418 GHz. H~ is along
a [110]direction. {b) The calculated spectrum.
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(a)

GAIN x(

50G H

were derived from the solution of Eqs. (5) for g~~ and

gq. For the isotropic spectrum we used Eq. (8). Sub-
stituting the value of 8 into Eq. (6) and using

(r 3) =13 a.u. '9 for the free 1r4+ ion, we obtained N

and K. K for isotropic spectra is obtained from Eq.
(9). More detailed information on the covalency
parameters can be obtained using the antibonding
MO t2~-type wave function':

p(=N (d —n X„) (15)

(b)
J

GAINN I /2

FIG. 10. Tetragonal T and T' spectra of Ir + in an un-

treated crystal of CaO at 52 K, 9.3 GHz, and with H~, along
a [100j direction. (a) The spectrum at g~~. (b) The spec-
trum at g~. The longer arrows indicate the T spectrum and

the shorter arrows the T' spectrum.

V. DISCUSSION

Low-spin d' ions can serve as probes for the devia-
tion of the crystal field from octahedral symmetry.
Investigation of the tetragonal spectra provides in-

teresting information on the magnitude and sign of
the tetragonal field splitting as well as on the covalen-
cy and core polarization parameters. The calculations
were performed in the following way. k „and 5

where d„ is a pure d orbital which transforms as the

t~~ representation of the octahedral group, and X„ is

the linear combination of ligand orbitals of the same
symmetry. The admixture coefficient a can be writ-

ten n =S„+y„, where S and y„represent the
overlap and charge-transfer contributions to the co-
valency. In terms of the orbital reduction k„„and
the normalization factor N, O.„is given as 0.2

=2(1 —k„)/N„'. The spin-orbit-coupling parameter
is calculated from f„=N ((q+ 2 a„g~), where

gq ——2400 cm ' (Ref. 21) and (~ =603 cm ' (Ref. 22)
are the spin-orbit-coupling parameters for pure d and

p orbitals on the Ir4+ and 0' orbitals, respectively.
for the r2~ configuration is —(„,and thus 6 is also
known. All of these parameters for ' Ir are given in

Table II. We have used negative signs for the g fac-
tors and the hyperfine parameters. Other combina-
tions of the signs yield unreasonable results. Nega-
tive signs for these parameters for Ir'+ were also ob-
tained by Davies and Owen using EPR and ENDOR
techniques.

From Table I one can see that the hyperfine and
quadrupole parameters of Ir'+ in MgO and CaO are
almost the same. This is because the excited crystal-
field energy levels make no appreciable contribution
in the case of a d5 low-spin configuration, while in

the case of a d configuration this contribution can be
considerable. In the same host we obtained the same

TABLE II. Crystal-field, covalency, and magnetic parameters of Ir4+ in MgO and CaO.

Host Spectrum (cm-') a (cm ')

MgO

Cao

0.804

0.807

0.830

0.833
0.833

0

0.355

0.364
0.334

1.600b

(0.894)c
0.882

1.583b

(0.884)'
0.897
0.864

0.891

0.892
0.888

0.697

0.649
0.651

0.534

0.522
0.531

0.163

0.127
0.120

2023

2011
1993

-719

-732
-666

'Ref. 6. Calculated for N 1. 'Calculated assuming the same N„as for the corresponding T spectrum.
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value of k for both the isotropic and anisotropic spec-
tra, which indicates that both spectra are due to the
same ion (having also the same covalency) in dif-
ferent sites. A similar value of k (0.83) was obtained
for Ir4+ in double halide complexes. ' The larger
value of k in CaO indicates a larger covalency in
MgO. Inspection of the values of the charge-transfer
parameter y„and the overlap contribution S„in
Table II reveals that the major contribution to the co-
valency is due to the charge-transfer mechanism,
which in our case is about the same for both hosts.
Thus the differences in covalency here are mainly
due to changes in S, which is consistent with the

0
larger anion-cation distance in CaO (2.45 A) as com-
pared with MgO (2.1 A). The spin density

f =
4

).2N in the oxygen 2prr orbitals is about 10%

and 8.5% in MgO and CaO, respectively. The values
of ~ for the tetragonal spectra vary between 0.86 and
0.90. A similar value was obtained by Davies and
Owen. ' These values of ~ correspond to
X = —(16.5—17.5) a.u. , which agree very well with

the theoretical values of —(17—18) a.u. predicted by
Freeman et al. ' for d' ions. For the isotropic spectra
two values of ~ are given in Table II, one calculated
assuming N =1 and another assuming the same N„
as obtained for the corresponding tetragonal spec-
trum. The unreasonably large values obtained for
N =1 demonstrate clearly that this assumption is
not justified,

The tetragonal field splitting was found to be nega-
tive and (hr( & (5 (. Substituting N (from Table

II), 8 [extracted from Eq. (5)], '93Qa =0.82b and
(1 —R) =0.74 (Ref. 18) into Eq. (7), yields '9'Q
= ~10 x 10 '~ cm '. It is suggested that the differ-
ence between this calculated Q and the experimental
value Q =5.5 x 10 cm ' is due to the lattice electric
field gradient. The best fit between the calculated
and measured spectra was obtained for Q/Aq & 0.
Since we assumed Aq & 0, we find Q & 0, which was

also obtained by Davies and Owen. '
%'e shall discuss now the origin of the tetragonal

field and the nature of the Ir + centers. From the
results of the thermal treatment and ionizing irradia-

tion, we conclude that the Ir ions enter into the MgO
crystals in the trivalent diamagnetic state (ground-
state configuration t26g) Some of. the ions are associ-
ated with a nearby charge compensating vacancy in
the [100] direction, the others which have no local
charge compensation are in sites of octahedral sym. -

metry. It is suggested that the tetragonal centers of
Ir3+ serve as hole-trapping sites and are therefore the
source of the Tand T' spectra. The Ir3+ ions in oc-
tahedral symmetry sites prefer to trap an electron and
to become locally charge compensated, instead of
trapping a hole. These ions are the source of the in-

tense Ir2+ JT spectrum. Trapping of a small number
of holes by Ir'+ in octahedral sites does, however, oc-

cur and this is the source of a weak isotropic spec-
trum of Ir +. In CaO the spectra of Ir + ions were
observed in the as-grown crystals. This is not
surprising considering the strong oxidizing atmo-
sphere during the crystal growth. It is suggested that
the Ir ions enter into CaO crystals in the trivalent and
tetravalent states.

The models proposed for the T and T' centers are
Ir4+—02 —[++] and Ir4+—0' —[++]—02 —M+,
respectively, lying along a [100]-type direction. [++]
designates a host cation vacancy and M+ is a cation
having a charge greater than 2. The observation of
such centers was reported in the past. " The de-

crease in the intensity of the T' spectrum after heat-

ing can be explained by dissociation of this center by

motion of either the Ir + or M+ ions via cation vacan-
cies. Motion of the Ir4+ ions would decrease the
number of both T and T' centers. It should be not-

ed, that the T center is expected to be more stable
because it is a locally neutral center.

The negative signs and the relative sizes of the axi-
al crystal-field splittings are consistent with crystal-
field theory, if we assume that the vacancy of Mg'+

or Ca + allows a greater attraction of the 0' ion, lo-

cated between the vacancy and the Ir + ion, toward
the Ir + ion. This would give rise to an additional ax-
ial term in the octahedral crystal-field potential.
From simple considerations one finds that the axial
crystal-field splitting caused by excess attraction of
the 0 ion is given by

5 r = —(9A +608) (16)

where

A =+,eq (x/a) (r')1

8 = + eq (x/a) (r4)1

63a5

Here the upper (lower) sign corresponds to an elec-
tron (hole) in the ting shell. e( & 0) and q( & 0) are
the electron charge and the effective charge of the
ion which creates the crystal field, respectively. x is
the displacement of the 0' ion and is taken to be
positive for a compressed octhedron, a is the normal

0
anion-cation dis(ltnce and is equal to 2. 1 and 2.45 A
for MgO and CaO, respectively. For our case we ob-
tain A &0, 8 &0, and )9A

~
& ~608). The values of

(r2) =2.43 a.u. and (r') =9.38 a.u. are taken from
Ref, 25. Thus Aq (0, as was obtained experimental-
ly. Substituting (b r( —700 cm ', one gets 0.041 and
0.029 for x/a, for MgO and CaO, respectively. For
the T' center the effective contribution of the excess
positive charge of M+ should be added. This contri-
bution would be small and positive since the Ir +—M+
distance is large, 4a, and the charge q is now positive.
Thus hr and 6 have the same sign and ~4r~

~, which is in agreement with the experimental

results.
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VI. SUMMARY

This EPR study of Ir + ions in single crystals of
MgO and CaO showed that tetravalent iridium can be
stabilized in these hosts and occupies cubic sites with
octahedral symmetry as well as two types of tetrago-
nal sites. Models were proposed for the tetragonal
spectra. The tetragonal spectra also exhibit a quadru-
pole effect. The EPR results were used to calculate
crystal-field, magnetic and covalent parameters for
Ir4+. The signs of the tetragonal crystal-field split-

tings were found to be negative and their magnitudes
about the same in both hosts. The hyperfine param-
eters were identical in both hosts within the experi-
mental error, the same is also true for the quadrupole
parameters. The major contribution to the covalency
is due to the charge transfer mechanism. This contri-
bution is about the same in both hosts. Thus the
differences in covalency demonstrated by different
values of k in MgO and CaO are mainly due to
changes in the overlap contribution S„,which is con-
sistent with the larger cation-anion distance in CaO
than in MgO.
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