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Quadrupole interaction and static Jahn-Teller effect in the KPR spectra of Ir +
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The electron-paramagnetic-resonance spectra of Ir + were studied in single crystals of MgO and CaO at X-
band frequencies. The spectra exhibit a strong quadrupole interaction and a static Jahn-Teller effect. The
electric field gradient required for the quadrupole interaction is caused here by Jahn-Teller distortions. At
high temperatures the spectrum is isotropic, at low temperatures it consists of a superposition of three

tetragonal spectra. The unusually high transition temperatures (T, & 120 K) at which the transitions from the
high-temperature to the low-temperature spectra occur, are consistent with a strong Jahn-Teller coupling. It
could be concluded for both hosts that 8/3I & 10 and that the first excited vibronic level is a singlet A&. The
quadrupole interaction was found to be much larger than the hyperfine interaction in MgO (Q/A, —2) and

smaller in CaO (Q/A, —0.25). The anomalous effects in the EPR spectra caused by the strong quadrupole
interaction were interpreted by an exact diagonalization of the spin Hamiltonian using a FORTRAN IV
version of the MAGNspEc program.

I. INTRODUCTION

Electron-paramagnetic-resonance (EPR) spec-
tra are usually characterized by a predomi-
nant Zeeman effect with the perturbation caused
by the hyperfine interaction. Quadrupole in-
iteraction (QI) is usually much smaller than
hyperfine interaction, not significantly affect-
ing the EPR spectra, and the interpretation
can be made by the usual perturbation-theory
formulas. ' We report here some unusual spectra
in which the QI is large and these formulas are
not applicable. An exact diagonalization of the
spin Hamiltonian is necessary for the interpre-
tation. This large quadrupole interaction was
found in single crystals of MgOand CaO containing
Ir' isotopes. The two isotopes '"Ir and '"Ir
were expected to exhibit such an effect since they
have large quadrupole moments and relatively
small nuclear moments. In the EPR spectrum
qf Ir" in MgO we have found that the QI is even
stronger than the hyperfine interaction. A strong
quadrupole interaction of Ir" was observed' in
the Ir(CN), complex in KCl. Other possible iso-
topes which may be expected to exhibit strong
QI are '"Au, with a reported EPR spectrum in
the Au(II) diethyldithiocarbonate complex, ' and
'"Gd and '"Gd with a reported strong QI in YPO4. '
In chabazite the QI of Cu'+ was found. '

The Ir'+ ions substitute for the cations in the
fcc MgO and CaO lattice and are surrounded by
an octahedron of six 0' ions. The ground state
of the Ir" (5d') low-spin ion in an octahedral
crystal field is an orbital doublet 'E (t'„e,) under-

going a static Jahn-Teller (JT) effect. Thus the
electric field gradient required for the QI is in
our case caused by the JT distortions. A QI in
a static JT-effect case was reported in the EPR
spectrum of Cu' in NaCl. ' A weak QI in systems
exhibiting a dynamic JT effect was studied in the
EPR spectra of La" and Sc"."While in all.
cases reported so far the QI in JT ions was small-
er than the hyperfine interaction, in the case of
Ir'+ in MgO it is much larger.

II. EXPERIMENTAL

Single crystals of MgO doped with 0.5-mole/0
IrCl, were grown by the flux evaporation method
from PbF, .' Single crystals of CaO doped with
Ir were grown for us by W.@C. Spicer Ltd. , by
melting CaCO, with 0.2-mole/0 Ir metal powder
in an el.ectric arc furnace. Spectrochemical anal-
ysis showed a concentration of the order of 1000
and 100 ppm of Ir in the MgO and CaO crystals,
respectively. The as-grown MgO crystals were
yellow in color; the as-grown CaO crystals were
milky and slightly yellowish. No EPR spectrum
which couM be associated with Ir" ions was de-
tected in the as-grown crystals.

After y or x-ray irradiation the spectra of
Ir" together with other Ir species were observed.
These spectra are stable for many months in
crystals kept in darkness and at room temper-
ature. A weak Ir" spectrum was also produced
by reducing the crystals at 1000'C in hydrogen.
In this case no other Ir spectra were observed.
A VARIAN X-band EPR spectrometer was used
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in the temperature range 4.2-300 K. The fitting
of the spin Hamiltonian parameters to the EPR
spectrum was carried out with an IBM 370/160
computer using the FORTRAN IV version of the
MAGNSpEC program. "

III. THEORY

Ions possessing orbitally degenerate electronic
ground states are subject to the JT effect. This
effect has been studied extensively"" "and
continues to be of interest. The vibronic Ham-
iltonian which represents the coupling between
the orbital doublet 'E, (8, e) and the Qe and Q,
modes of vibration is given by X& =Xp+X Jg +X' .
X, includes the energy Ep of the 'E~ electronic
state in the absence of vibronic coupling, the
kinetic energy, and the elastic energy of the vi-
brational modes. X» and X~ describe the linear
and nonlinear JT couplings, respectively. The
JT stabilization energy &» obtained for the linear
JT coupling is E» = V'/2puP. E» corresponds
to the equilibrium value p=p, =~V~/p~'. Vis
the linear JT coupling coefficient. p., &, and p
are the reduced mass, the angular frequency,
and the radial coordinate of the vibrational modes.
The ground state of X~ is a vibronic doublet E
state, and with only linear JT coupling the first
excited state is an accidentally degenerate doublet
(A, +A.,) with an energy above the ground state
given (for E,r/h&u & 1) by 6„=2n, where o.

=k~(4E»/kur) '. The nonlinear term of the vi-
bronic Hamiltonian X~ yieMs three wells in the
lower potential surface with a well barrier height
of 2P, where P is the nonlinea, r JT coupling co-
efficient. In this case the excited doublet (A. , +A, )
is split and the lower singlet approaches the ground
state asymptotically as P increases. The splitting
between the ground doublet and the first excited
singlet is called the tunneling splitting 3I' and is
inversely dependent on P. The lower excited state
is A, if V and P have the same sign and A, if V

and p are of opposite sign. Random strain with
tetragonal symmetry wil. l split the vibronic doub-
let E into two singlets with an energy separation

For 3Z' small enough, random strain can also
cause an admixture of the excited singlet A, (or
A, ) into one of the components of the strain split
doublet.

The nature of the low-temperature EPR spec-
trum of a JT system is determined by the ratio
5/31', where 5 is the mean random strain splitting
of the doublet E. For small. values of 6/31'
(5/31'&0. 1) a dynamic JT effect is obtained. The
lower doublet is treated as an isolated strain split
doublet, and two EPR transitions of cubic an-
isotropy are observed. A value of 5/31'& 5 gives

a static JT effect. In this ease the random strain
admixes the first excited singlet into the ground
doublet. Each state of the effective triplet repre-
sents a distortion of the octahedron along the z,
x, or y direction of the cubic axes. For this case
the EPH spectrum consists of a superposition of
three tetragonal spectra. For values of 3I' com-
parable with 6 one gets an intermediate JT effect.
The excited singlet A„(or A, ) is only partially
admixed into the ground doublet. This feature
demonstrates itself in the angular dependence
and in the line shapes of the resonance lines.

A transition to an isotropic spectrum should
be observed as the temperature is raised. There
are two kinds of isotropic spectra: one is due
to an excited vibronic singlet which is low enough
to be populated, the other is due to relaxation
processes causing a motional averaging of the
anisotropic spectrum. The transition of the an-
isotropic to the isotropic spectrum is not sharp
and both spectra can coexist over an appreciable
temperature range.

We are concerned here with a static JT effect
in which the tunneling splitting 3I' is small com-
pared with 6. For a d' low-spin configuration
and an elongated octahedron the vibronic states
of the effective ground triplet are:

—qA, (3I,S, -I S) —qQ'(3l', —I.I)+ p.„H I, (1)

or in a more convenient form

X = gg psHg Sg + g~ /is (H~ Sg +H~ S~ ) +A o lg Sg

+ A„(I„S„+I„S)+ Q[I2 —
~ I(I + 1)]

(2)+ p.„(H,I,+H„I, +H I„).
Here g, and g„A, and A, are the isotropic and
anisotropic parts of the g factor and of the hyper-
fine constant, respectively. p, ~ is the nuclear
magneton, p.~ is the Bohr magneton, q is the

where (3z' —r') is the electronic part and g, is the
vibrational part of the vibronic wave function Z,
etc. (We discuss only the Ee component of the
electronic doublet, since our experimental re-
sults give g~&g~~, as shown in Table I.) This
triplet is further split by random strains. If the
strain is for example in the z direction, the Z
state becomes the ground state at —5+ I', and
the other two levels of the triplet are located at
+&~ and + &6+21'. Because of the random char-
acter of the strains, the population of the different
ground states X, F, and Z is the same. Following
Ham's treatment, "one gets the following spin
Hamiltonain for the Z ground state:

K=g, AH ~ S-qg, p,s(3H, I, —H S)+A,I 8
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reduction factor (for a strong JT coupling, q= —,'),
and Q' is the quadrupole parameter. The reso-
nance parameters of Eqs. (1) and (2) are related
in the following way:

2&g2y g~ =% + &g2y

&~ =&, +&&2,

Q=-3qQ'

(3)

The spin-Hamiltonian parameters can be ob-
tained from crystalline-field-theory calculations
to the first order of P, using the complementary
hole scheme configurations e,' and t„e~~ instead
of the ground and excited electronic configurations
t2 e,' and t,'~e,', respectively. Using the technique
described by Sugano el; al. ,

"we built the wave
functions of the t„e~~ terms for octahedral sym-
metry (in order of increasing energy) 'T, ('A, ),
T, (A~), T~('E), T,('E), and T~(A, ). Theterms

in parenthesis are due to the direct product
e, (3 e~. The separation between the ground state

and the respective excited energy levels are
designatedas 4, (i=1, 2, 3, 4, 5). The following
results were obtained for the Hamiltonian pa-
rameters by evaluating the corresponding matrix
elements within the perturbed ground states Qe
and ge obtained by mixing the ground and excited
states via spin-orbit coupling:

1 1

2 4

1 1 3 3
gi =ge+~ma~m a + + +

4 3 5

(4)

where 0, is the orbital reduction factor defined
as

'..= &t., I ~le, )/(t„( z(e, )

(t„and e. are pure d orbitals and t,~ and e~ are
the corresponding molecular orbitals). g~, is the
spin-orbit coupling between t„and e~ orbitals
for an electron. g, is the free-electron g factor.

+1l P gL~~ + 7 0 7 & 0%0 g 2g 2gma 1 2 3 4 5

gL~ 7 0 7 7T 0~7I'0 ~ 2g 2g 2g 2gKg 1 2 3 4 5

Q= —,'e'QoN'(I-—A)(r '),

(5)

P=2y„ps'. „(r '), N„and N„are the coefficients
of the e, and t2~ functions in the molecular or-
bitals &, and t™2~, respectively. x is the core
polarization factor, containing the effect of co-
valent bonding. y~ is the nuclear magnetogyric
ratio. g~~~ and g» are g~~ -g, and g~-g, , re-
spectively. The expression for Q here contains
only the contribution of the valence electrons to
the electric field gradient. Q, is the nuclear elec-
tric quadrupole moment and (1 —H) is the Stern-
heimer shielding factor.

IV. RESULTS

The two stable isotopes '"Ir and '"Ir have,
respectively, a natural abundance of 38.5% and
61.5/0 and nuclear magnetic moments of (0.1453
+0.0006)p. and (0.1583+0.0006)p.„." Both iso-
topes have a nuclear spin I = —,'. The ratio of the
nuclear electric quadrupole moments Q,('"Ir)/
Q,('"Ir) of the two Ir isotopes is equal to 0.91
+0.03.' Q,('"Ir) is about0. 9band Q, ('"Ir) is about
0.82 b." The measured and calculated resonance
parameters of Ir ' in single crystals of MgO and
CaO are summarized in Table I. The values of
Q were obtained by exact diagonalization of the
spin Hamiltonian using the MAGNSPEC program. "

In both crystals at low temperatures the EPR
spectrum of Ir" consists of a superposition of
three tetragonal spectra (due to the three dif-
ferent distorted sites) characteristic of a static
JT effect. The principal symmetry axes of the
tetragonal spectra are the [100]-type crystal
axes. The spectra at g~~ (Figs. 1and 2) consist
of a four-line equally spaced characteristic spec-
trum (I =-:) for each isotope due to bm =0 tran-
sitions. More complicated spectra are observed
at g~ (Figs. 3 and 4). The spectrum atg. in CaO
(Fig. 3) exhibits features close to those expected
for an ion with 8=2, I = &, and a nonzero value
of Q, as obtained from second-order perturbation
theory. ' The lower intensity lines are due to
&m =+ 2 transitions. A careful examination of
the spectrum shows deviation from the features
expected from perturbation theory in the form
of slightly unequal spacing of the hyperfine lines
due to &m = 0 transitions. Further, an asym-
metrical spacing of the lines due to &m =+2 tran-
sitions about the two &m =0 inner lines is not
consistent with perturbation-theory predictions.
In MgO a drastic change is observed in the nature
of thespectrumatg (Fig. 4). Figure 5shows
the spectruminMgG with H~, along a [110] direc-
tion at gl»», and Fig. 6 with Hd, ate=23'(the
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TABLE I. Resonance parameters for Ir2+ in single crystals of CaO and MgO.

Host

Cao ~

MgO

g)) = 1.9517(5)

g~= 2.6814(5)

& (gii+2g~) = 2.438

[-'(@i'+2g')]'~'= 2 462

gisotropic = 2 467(5)

g)i = 1.978(1)

g~= 2.4 64 (1)

3(g(I+2g~) = 2.302

[-'(g'+ 2g')] '~' =2.313

gisotropic 2 3 (

A[10 'cm ']

AI, ('"Ir) = 32.6(1.0)

A)) ( +Ir) = 35.5(1.0)

Ai( s Ir) = 50.8(1.0)

Ag( @Ir)= 55.3(1.0)

( Ir) 44 7 b
A)()f) (far) 48 7 b

A)&p (isiIr) 47 6 b
A)&& (iseIr) = 51.7b

Aigotropic 47 0(2 0)

A ('s'Ir) =5.5(5)

A))( @Ir) = 6.0(5)

A, ("'Ir) = 14.7(5)

A~(~@Ir) = 16.1(5)

A[fir] (fsi)r) = 11.6 bA)&&g~ ( %Ir) =12.7 b

A(gg ( sIr) =13 0 bArgggj ( Ir) =14.3

Not resolved

@[10 cm ]

Q( Ir) = 15.0(1.0)

Q('~Ir) = 13.7(1.0)

Q( Ir) =32.2(5)

g('3Ir) = 29.2(5)

Q/Ai

(Q/A~) ('s'Ir) = 0.295

(Q/Aj)( @Ir)= 0.248
93

4.2

(Q/A, )("'Ir) =2.190

(Q/Ax)( Ir) = 1.814

' A preliminary account of the work on Ir ' in CaO was presented in J. T. Suss and A. Raizman, Bull. Am. Phys. Soc.
20, 807 (1975).

A[tjt3 and Alttt) were calculated as A i&&&3
—— a (A

~~
+ 2A~) and Atttt)

——{1/gt&&&3)(a (Q ~,A~~ + 2g~A~)] respectively.

angle e is measured with respect to the axis of
distortion). Figure 7 shows the spectrum in CaO
with Hd, along a [110]direction at gt», 3. The
linewidths of the low-temperature spectra in both
crystals were very narrow. The narrowest ob-
served peak-to-peak linewidths of the first de-

rivatives of the absorption lines at g)) and g~ were
about 1 G. The symmetrical. line shapes do not
exhibit any distortions which could indicate a
deviation from the "pure" static JT effect. This
situation of very little (or no) overlap between

(a}
gll

GAIN x )

(b)

25G

b~ a~ dmc~

l9I
Ir

l93
Ir

b,

50G

Qi

H

l9l
Ir

l95
Ir

x I/2 x I/2

FIG. 1. (a) EPR spectrum of Ir2+ in a single crystal
of MgO atgii, 4.2 K, 9.433 GHz, and a microWave power
of 10 pW. Hd, is along a [100] direction. (b) The calcu-
lated spectrum. The intensities are'multiplied by 2
(Ref. 18).

FIG. 2. (a) EPR spectrum of Ir + in a single crystal
of CaO at g(), 93 K, 9.093 GHz, and a microwave power
of 40 mW. Hd, is along a [100] direction. (b) The calcu-
lated spectrum. The intensities are multipli. ed by y.
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GAIN x 4 GAI GAIN x4
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Ir
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x IO

25G

a~ b2 c2 d2

H

191

193
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xlO

b, c~ d,
I l I

I

FIG. 3. (a) EPR spectrum of Ir~+ in a single crystal of
CaO at g~, 93 K, 9.093 GHz, and a microwave power of
40 mW. Hd, is along a [100) direction. (b) The calcu-
lated spectrum.

strain-broadened EPR lines is further supported
by the absence of the low-temperature isotropic
spectrum.

The assignment of the spectra of the JT ions
reported in this paper to Ir" is also supported by
the results of the irradiation and thermal. treat-
ments. As pointed out in Sec. II the Ir" spectra
can be produced in Ir-doped MgO and CaO crystals
either by ionizing radiation or reduction in hy-
drogen. In MgO ionizing radiation produces
Ir",""in addition to Ir". In the as-grown CaO

o i i o
I

I
I

il s

coc, d, do
I

I I I

&!I i! I I

crystals, (grown in an electric arc furnace) Ir~'
species were also observed, ' which is not sur-
prising considering the strong oxidizing atmos-
phere during growth. Heating of the crystals at
1000'C in an oxygen atmosphere didnot produce
any of the Ir'+ species. It seems that most of the
Ir is present in the as-grown crystals as Ir",
which is converted to Ir" by trapping an electron
during either irradiation or reduction.

The interpretation of the spectra could not be
made in the conventional way by solving the spin
Hamiltonian using second-order perturbation

FIG. 5. (a) EPR spectrum of Ir2+ in a single crystal of
MgO at g~&&pj, 4.2 K, 9.433 GHz, and a microwave power
of 10 JMW. Hd, is along a [110) direction (two sites coin-
cide). (b) The calculated spectrum. The intensities of
the satellites are multiplied by 10.

(a)

(a)
GAIN x 4 GAINx0.4 GAIN x 4

25G H

25G

x I/2
l91

H

(b)

x5

a0 b0
I

I ( I

a, b,c, d,
I I

I

191
Ir

193
Ir

x5

0 0
I

FIG. 4. (a) EPR spectrum of Ir2+ in a single crystal
of MgO at g~, 4.2 K, 9.433 GHz, and a microwave power
of 10 pW. Hd, is along a [100] direction. (b) The calcu-
lated spectrum. The intensities of the satellites (desig-
nated as lines ap, b„cp, and dp) are multiplied by 5.

(b)

x20

0 II 0
! I

I sl III I I

a~b~ c~d~
193

Ir

x20
coc!d) dQ

I

y I

i II II I

FIG. 6. (a) EPR spectrum of Ir2+ in a single crystal of
MgO at e =23, 4.2 K, 9.433 GHz, and a microwave
power of 100 pW. At this angle a partial collapsing of
the spectrum occurs, as shown also in Fig. 9. (b) The
calculated spectrum. The intensities of the main spec-
trum are multiplied by 2, the intensities of the satellites
are multiplied by 20.
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(a)

(b)

50G

ao bo

a, b,
a~i~

Co

Cgdp
c) d

I

I9I
Ir

do l95
Ir

Idol ~
[ sin((x —cx )i

at fields given by

(10)

each block, the diagonalization of (I/gp. ~)(R„,
+3C&) gives the relative positions of the resonance
fields with respect to g (where Ho=hv/gg~). For
8 = 0, the matrices are diagonal and the quad-
rupole interaction (X z) has no effect on the hyper-
fine structure. For 6 =90', the 4X4 matrices
are further reduced to two 2& 2 matrices, which
can be solved analytically. From this solution
the positions and intensities of the eight reso-
nance lines are obtained as follows:

(i) A group of four lines, which we designate
as group [0] (due to the four possible combina-
tions of the "+"and "-"signs) with intensities

FIG. 7. (a) KPR spectrum of Er2+ in a single crystal of
CaO at @&&@, 93 K, 9.093 GHz, and a microwave power
of &0 mW. Hz, is along a [110]direction. (b) The calcu-
lated spectrum.

g~p~(H —H, ) =+(A~/2) w (C+D).

(ii) Another group of four lines, which we des-
ignate as group [2], with intensities

theory. ' While at g~~ the effects of QI vanish, at
g~ a large QI had to be taken into account, which
necessitated modification of the conventional per-
turbation theory. An 8&& 8 matrix resulting from
~
S= ~, I = —,) had to be diagonalized. The problem

was simplified by using the transformed spin
Hamiltonian" (neglecting the nuclear Zeeman inter-
action)

where

x, =gp, as. ,

I&2i~[ cos(o. —u )[

at fields given by

g, p, ~(H-H, ) =w(Ai/2) v(C -D),
where

C = (A' + 2A Q+ 4Q')'I',

D = (A' —2A, Q+ 4Q2)'I'

tan2a. ' =v 3 Q/(aA~ —Q),

here

(12)

(13)

(14)

(7)

Kc = —,'Q[I', —,'I(I +1)](3cos'g——1)

—Q(I„I,+I,I„)cosg sing+ ,Q(I2 —I', ) sin'g-,

where

g = (g g cos e +g g sin'B)'I',

A = (g iiAii cos 6 +g&A& sill e) /g

sing = sine, cosy = cose.gj +j ~ All+II

gA ' gA

(8)

e is the angl. e between the z direction and the
applied magnetic field II~,.

If one negelcts the off-diagonal elements of
K„, in Eq. (7), the 8&&8 matrix is reduced to a
block diagonal of two 4&&4 matrices, one with
Sz = 2 BJld the other with Sz = ——,'. Biiice Xz is already
diagonal and proportional to the unit matrix in

The calculated positions and intensities of the
eight resonance lines for 6 = 90' from the above
equations are shown in Fig. 8. From this figure
it can be seen that for small values of Q/A, one
obtains 'a group of four strong ("allowed" ) lines
due to the 6m =0 transitions (group [0], desig-
nated ao, bo, co, and do) and a group of four weak
("forbidden" ) lines due to 4m =+ 2 transitions
(group [2], designated a„b„c„and d, ). The
designation of the resonance lines is consistent
with Ref. 1. When Q/A increases, the intensity
of group [0] decreases and that of group [2] in-
creases. At Q/A~ =0.5 the intensities of both
groups are equal. It is also of interest to note
that at this point there is a crossing of the two
inner lines of group [0] (lines bo and co) with the
two outer lines of group [2] (lines a, and d, ). The
assignment "allowed" and "forbidden, " of course,
does not have the usual meaning here because
of the strong admixture of the wave functions with
different m values. For values of Q/A~&0. 5, the
intensity of group [0] becomes smaller than that
of group [2]. Further, for values of Q/A~& 1,
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dp
Cp

-2—

Cp
ba
Qp

0.5 1.0 1.5

bp

ap

2.0 Q/Ag

t t

the two inner lines of group [2] (lines b, and c,)
nearly coincide and the separation between the
low-field doublet of group [0] (lines a, and bo)
and the high-field doublet of group [0] (lines co
and d, ) increases linearly with increasing Q/A~.
The separation between the lines a, and bp cp
and d„a, and c» b, and d, is practically constant
throughout the whole range of Q/A~, and equal
to 1 in units of A~. In an arbitrary direction the
total. number of lines observed is 12. The four
additional lines are usually referred to as tran-
sitions between hm =el (group [1], which we
designate as a„b„c„nadd, ), for small values
of Q. The relative intensities of the different
groups of lines are a strong function of the angle.

The EPR spectra of Ir" in CaO and MgO re-
ported in this paper exhibit the fol.lowing interest-
ing unconventional features: (a) unusual positions
of the resonance lines; (b) a variation in the rel-
ative intensities of the groups [0], [1], and [2];
and (c) the relative intensities of the lines due
to the '"Ir and '"Ir isotopes are not preserved
and vary from group to group. The spectra at
g& shown in Figs. 3 and 4, for CaO and MgO,
respectively, can be interpreted with the help
of Fig. 8. The Q/A ratios obtained from the

FIG. 8. Calculated positions and intensities of the
resonance lines versus Q/A~ at g~ for a general case of
S =2 and I=2. The rati. os (Q/g~)( 9 Ir) =1.814 and

(Q/g~)( Ir) =2.190 for Ir + in MgO, and (Q/A. ~)( 93Ir)
=0.248 and (Q/A~)(' Ir) =0.295 in CaO are indicated by
arrows. Solid line represents group [OJ, dashed line
represents group f2).

measured spectrum at g~ are indicated by two
arrows for each crystal (CaO and MgO) in Fig. 8
and their values are given in Table I. For each
host the arrows corresponding to the lower and
higher Q/A ratios belong to the '"Ir and '"Ir
isotopes, respectively. The spectrum due to the
isotope '"Ir [broken lines in Figs. 3(b) and 4(b)]
and due to the isotope '"Ir [solid lines in Figs.
3(b) and 4(b)] each consist of two groups of lines:
group [2] (designated a„b„c» d, in Fig. 8)
and group [0] (designated ao, b„co, do in Fig.
8). In the case of CaO (Fig. 3), the dominant
spectrum is due to group [0] as expected for
values Q/A & 0.5 (see Fig. 8). In the case of
MgO (Fig. 4), the dominant spectrum is due to
group [2], with lines b, and c, coinciding (group
[0] appears here as small satellites flanking
group [2]), in accordance with the theoretical
predictions for large Q/A~ ratios, as seen in
Fig. 8.

The deviations of the relative intensities of
the spectra due to the two isotopes (in each group)
from the ratio of their natural abundances stem
from the different values of Q/A~ for each iso-
tope (see Fig. 8). This effect is more pronounced
when the intensities of the group are weak. This
can be seen clearly in group [2] for CaO (Fig. 3)
and in group [0] for MgO (Fig. 4).

It was mentioned above that in an arbitrary
direction the total number of lines due to each
isotope is 12. Thus at gl», l (Figs. 5 and I) an ad-
ditional doublet (for each isotope), belonging to
group [1], can be seen located symmetrically
between the doublets a, b and c, d of group [0].
This feature is demonstrated clearly if one com-
pares the spectra and the respective stick dia-
grams in Figs. 4 and 5 with those in Figs. 3 and
7 for MgO and CaO, respectively. The computer-
calculated angular variation of the positions of
the resonance lines, relative to H, (where H,
=Av/gLL~), is;shown in Figs. 9 and 10, for MgO
and CaO, respectively. For this ealeulation the
parameters given in Table I were used. It was
found that these calculated angular variations
agree well with the experimentally observed po-
sitions of the resonance lines. It can be seen from
Fig. 9 and 10 that there is a crossing of the reso-
nance lines a, with b» and c, with d„ in group
[2], as wel. l as a crossing of a, with b„and c,
with d„ in group [1], in the same vicinity. The
angle at which the crossing occurs agrees with
the theoretically predicted one for small values
of Q/A~: tane =W2(giiAii/giA ) '

The angular variations of the computer-cal-
culated relative intensities of the resonance lines
of group [0] (I&»)„group [1] (Il, l), and group
[2] (Il, l) are shown in Figs. 11 and 12 for MgO
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2— l

50 6 H

FIG. 13. EPH spectrum of Ir~+ in a single crystal of
CaO, with H«approximately along a [111]direction at
9.112 0Hz and a microwave power of 40 mW. (a) The
anisotropic spectrum at 93 K, with gain &&1 and modula-
tion && 1. The small arrows indicate the group [0] lines
of one site and the large arrows indicate the other two
coinciding sites of the same group. (b) The isotropic
spectrum at 203 K, with gain & 3 and modulation x 10.

V. DISCUSSION

0
8 [dsg]

60

FIG. 12. Angular variation of the calculated relative
intensities of the resonance lines of group [0] (IDO),
group [1] (IL&j), and group [2] (Ip&g) of Ir+ in a single
crystal of CaO. For each group the average value of
the intensities of the four components is plotted. 8 is
measured with respect to the axis of distortion.

In CaO, in the range 180-273 K, the spectrum
consists of an isotropic quartet at g,, t p

2 467
+0.005 with A,.„„...=47.0+2.0 10 ~ cm ', as shown
in Table I. This g,- „... is also within experi-
mental error of the calculated g{»,) [Eq. (15)]
of the static JT effect. The transition between
the isotropic and anisotropic spectrum takes place
here between 150-180 K. Below 150 K the spec-
trum consists of a superposition of three tetrag-
onal spectra. The isotropic and anisotropi~ spec-
tra of Ir" in CaO at 203 and 93 K with 0„,ap-
proximately along a [111]direction are shown
in Fig. 13. The anisotropic spectrum is com-
plicated due to the QI. In the isotropic spectrum
the QI vanishes, as expected for effective cubic
symmetry. The peak-to-peak linewidth of the
first derivative of the absorption line at 203 K
in the [111]direction is approximately 18 G. The
high-temperature linewidth is anisotropic, how-
ever, it could not be studied in detail because
of insufficient signal. -to-noise ratio.

Inspection of the g factors given in Table I shows
that (a) g~~ &g, for both crystals, (b)g~~ &g, for
bo& crystals y (c) gll{ca» gll {Mg»a (d) giao{rapja {cao)
& g„„„,,«,o), (e) g {c,o)& g«,». We shall now dis-
cuss these points.

(a) The fact that g~~ &g~ for the 'E (t,', e ) con-
figuration indicates an elongated octahedron with
a ground state &8, when the distortion of the
octahedron is along the ~ direction. For this
case the first excited singlet is A„and for a
strong JT coupling (q = —,), g~)

——g, -g, and g =g„
1+ gpss,

(b) g~~
&.g, is consistent with Eq. (4), since

&~& &4. Values of g~~ smaller than g, were ob-
tained also, e.g., for Ir(CN), species" and the
isoelectronic Pt ' in MgO, "BaTiO»" YAlG, '
and Al, O, ." On the other hand, for Rh" in MgO"
and CaO, "and Ni" in MgO" and CaO,"it was
found that g]] &g, . This positive g shift can be
obtained by including the (f/4, )' terms in Eq. (4).
The main contribution will be from the term"
+2(g/4, )' which becomes appreciable near the
crossover of the~ 'E —'T, levels (at Dq/B =2.15)
of the Tanabe-Sugano diagram" for the d' con-
figuration. F&or sufficiently large values of Dq/B,
the term 2(f/&, )' can be neglected, which causes
a negative g shift. Using values of Dq - 2000 cm '
and B-300 cm ' obtained by extrapolation of data
on Ir","one gets Dq/B-6. 6, which is well beyond
the crossover of the 'E —4T, levels and explains
the negative g shift obtained. for Ir" in MgO and
CaO. It should be emphasized that in the absence
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of optical data on Ir" the above values (Dq and
B) should be considered as rough estimates only.

(c) The larger negative g shift (of gli from g, )
in CaO as compared with MgO is also consistent
with Eq. (4). The cation-anion distance is 2.1
and 2.4 A in MgO and CaO, respectively, and thus
+(MgQ) +(CaQ) ~

(d) and (e) Using Eqs. (2) and (4), with q= 2,
and assuming (according to the Tanabe-Sugano
diagram for our case) that 1/&, -1/n„and I/n. ,
—I/h4) 0 and small compared with I/&, + I/n„
one obtains

rg -Z. +2k', k.,(I/n, + I/&, ))g„
ga 2k%-gr. (1/F2+ I/&5)».

Thus~ gj(MgQ) gi(cao)~ g2(Mgo) g2(cao» and therefore,
gg(MgQ)(g~(c, Q). This is consistent with our results.

Inspection of the hyperfine structure constants
given in Table I reveals that A &Aii for both
crystals and A[yjy](caQ) A[yyi](MgQ). It follows from
simple considerations of A~i, AJ. , and A; „,~;, that
Aii and A must have the same sign, and there-
fore, according to Eq. (2), iA, i) iA, i, and since
Ai&Aii, A, and A, also have the same sign.

Let us consider, at l.east in a qualitative way,
the core polarization contribution to the hyper-
fine splitting. (We shall refer here only to the
isotope '"Ir.) From Eqs. (2) and (5), one obtains

for A

A, =P[ —,'(N N /k„)(gi, i+2gii)-a], (IV)
The best fit between the measured and calculated
spectra at g was obtained for Q/Ai &0. Choosing

Q &0 [Eq. (5)] one obtains A, )0. Using N,N, /k„,
=1 (for the estimation of z we neglect here cova-
lent bonding) and (r ') = 10.95 a.u. ,

"for A, )0, we
obtain tc = -0.07 and -0.97, and X = 1.1 a.u. and 15.9
a.u. for MgO and CaO, respectively. Freeman
et al."calculated X 'for divalent 5d ions and ob-
tained values from -17 to -18 a.u. Our deviation
from these calculated values of X may be due to
covalent effects and partial admixing of a 6s wave
function which gives rise to a positive contribution
to the isotropic hyperfine interaction. X &0 was
also found by Vugman et al. for Ir",' and for a
few other d' ions."

An estimation of N', from Eq. (5), with Qo(' 'Ir)
=0.82 b,"1-A =0.74, and the measured values of

Q ('"Ir) (Table I), gives N' = 0.42 and 0.20 for
MgO and CaO, respectively. These small values
of N' indicate strong covalency as expected for a
5d ion. It is not reasonable that CaO should be
more covalent than MgO. It is generally accepted
that the electric field gradient on the metal ion of
a complex is the sum of a valence electric field
gradient and a contribution due to the lattice.
Equation (5) takes into account only the valence

TABLE II. Vibronic parameters for Ir2 in MgO and Cao.

Mgo CaO

strain coupling coefficient (cm )

mean random strain splitting (cm i)

3I' tunneling splitting (cm )

V linear JT coupling coefficent (erg cm )

energy of the &~ mode vibration (cm )

Jahn- Teller energy (cm )

&1p

4.5 x104

~4 5

(0.45

3.68x10 4

400

&10

2.75x10

~4 5

& 0.45

1.93x10 4

300

1140

Po equilibrium value of the radial
coordinate p (A) 0.237 0.235

rotational kinetic energy (cm i)

2P height of barrier separating adjacent
wells (cm i). (P is the nonlinear JT
coupling coefficient. )

splitting between Ai and A2 (cm )

I 2 +~ (gi +ll )igt iii] (sec

reorientation relaxation time (sec)

transition temperature at which the
transition from low- to high-temperature
spectrum occurs (K)

18

&740

&280

12.5x10'

27 xlp

120—170

20

&840

&320

17.5x1p9

14x1p

160—180
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electric-field gradient. Therefore, a more de-
tailed theory is needed to interpret our results for
the quadrupole parameter.

Finally we wish to discuss the vibronic param-
eters summarized in Table II. As pointed out
above, the first excited singlet in our case islay.
Thus V and P, the linear and nonlinear JT coupling
coefficients, respectively, are positive. The ratio
6/31', estimated from the line shape and the angu-
lar dependence of the low-temperature spectrum,
is greater than 10 for both crystals and defines our
spectra as a "pure" static JT effect. The strain
coupling coefficient V, was calculated according to
Ham, "and using (r') = 2.91 a.u. and (r ') = 14.66
a.u." The mean random strain splitting is de-
fined" as 6 =2qV, (ee+ e,')'~', where ee and e, are
the 8 and ~ components of the strain tensor e,
respectively. Stoneham" has shown from an ana-
lysis of EPR linewidths that typical residual strains
-of-2&&10 ' are present at the sites of Fe" in
MgO. Assuming that similar strains are present
at a typical Ir" site in MgO, we find (using q =2)
a random strain splitting 5 =4.5 cm '. A some-
what smaller value of 1.5 cm ' was reported for
Ru" in MgO." We assume that the value of 5 in
CaO will be of the same order as that in MgO.
This assumption is based on results obtained for
tetragonal spectra of Ir" in MgO and CaO." Thus
we obtain for the tunneling splitting 31 & 0.45 cm
for both crystals.

It is of interest to estimate the JT energy. Fol-
lowing Ham's" analysis we calculated the linear
JT coupling coefficient V and the JT energy E,&.

For the effective mass p we used the mass of a
single oxygen atom. Since the octahedral complex
surrounding the JT ion is actually coupled to a
continuum of phonon vibrations one should use an
effective frequency ~,« instead of &. We used the
values &,ff =400 cm ' and +,« =300 cm ' cited by
Englman" and obtained 2230 and 1140 cm ' for
E» for MgO and CaO, respectively. The value of

p, is about the same for both hosts (0.24 A). From
this the difference between the Ir"-O' bond
lengths in the elongated octahedron were calculated
to be ~ v 3p,- 0.21 A. The values of E»/k &u are
5.6 and 3.8 for MgO and CaO, respectively. The
relatively large JT couplings (E»/h+ & 1) obtained
here are consistent with the large radial extent of
the 5d electron wave functions. For EJ~/h&a& 2 1 the
rotational kinetic energy is given quite accurately"
as a =k&u(4E»/I&@) '. For E,r/k&o a 2 the nonlinear
JT coupling coefficient P and the energy splitting
4 between the first excited vibronic singlet A, and
the next lowestsinglet A., can be found from graphs
given by Williams et al;" We obtain for MgO: P
&370 cm ', b. &280 cm '; and for CaO: P &420
cm ', ~&320 cm '.

As pointed out in Sec. IV, the temperature range
T, at which the transition from the low-tempera-
ture anisotropic spectrum to the high-temperature
isotropic spectrum of Ir" occurs is relatively
high, which is consistent with a strong vibronic
coupling. T, is in the range 120-170 K and 160-
180 K for MgO and CaO, respectively. Thus at
4.2 K the vibronic singlet A, is not populated,
which is consistent with our large value of 6, nor
can motional averaging occur, which again means
that Yg~~»1. 7 ' is the rate of the motional
averaging (as pointed out in Sec. IV), and Aez is
the Larmor frequency difference between the cor-
responding resonance lines for the different dis-
torted configurations. With H~, along the [100] di-
rection at g&», j we get b, +I. =2vv(g~ -g~)/gi», i,
where v is the klystron frequency. Taking v =9.4
GHE, we obtain A&L =12.5& 10' sec ' and 17.5
X10' sec ' for MgO and CaO, respectively. At low
temperatures, the direct relaxation process is
dominant, and one obtains for ~ ',"

(q V)'(3I')'-, 5 2 vr ' e' ~' +2
5mdh'vz, 3 v~ e'«' —1

Here d, v~, and v~ are the specific density, the
transverse and longitudinal sound velocity, re-
spectively. We used, for MgO, "d =3.58 g/cm',
vr =6.6X10' cm/sec, v~ =9.1x10' cm/sec, and
for Ca0, 4' d=3.3 g/cm', vr =4.8X10' cm/sec, v~
=7.8&10' cm/sec, and obtained 7&27&&10 ' sec
and 7&14X10 ' sec, for Ir'+ in MgO and CaO, re-
spectively. Thus at 4.2 K for both crystals v.Le~» 1 (of the order of 10'), and there is no motional
averaging at this temperature. At high tempera-
tures where the Raman and/or Orbach processes
are dominant, the relaxation rate becomes much
greater, satisfying the condition for motional
averaging. Since L is of the order of 300 cm ',
the population of the excited singlet A., at 200 K
will be approximately l(PO. Thus the main contri-
bution to the high-temperature isotropic spectrum
is in our case due to motional averaging.

The variation of the linewidth of the isotropic
spectrum in MgO as a function of temperature and
direction of the magnetic field with respect to the
crystalline axes can be explained qualitatively by
a combination of two relaxation mechanisms. One
relaxation mechanism is due to motional averaging
(6&o~2v) and causes the linewidth to decrease with
increasing temperature. The contribution of the
motional' averaging to the linewidth is also depen-
dent on the direction of the external magnetic field
H~„ i.e., it is zero with Hd,' along the [111]direc-
tion and maximum with H~, along the [100] direc-
tion. The other mechanism is due to spin-lattice
relaxation effects and causes an increase in line-
width with increasing temperature. At high tem-
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peratures where the mechanism of spin-lattice
relaxation effects is dominant, an isotropic line-
width is obtained. The superposition of these two
relaxation mechanisms causes a minimum in the
linewidth versus temperature relationship (except
in the [ill] direction, where the contribution to the
motional averaging vanishes).

VI. SUMMARY

The EPR spectrum of Ir" in MgO and CaO ex-
hibits a static JT effect and a strong QI. From the
narrow linewidths at low temperatures, symmetri-
cal line shapes, and the angular variation of the
spectrum, we conclude that in both hosts, &/3I'
&10. Thus we are concerned here with a "pure"
static JT effect. Very little or no strain broaden-
ing is also consistent with our results, i.e., that
we were not able to observe coexistence of the
isotropic and anisotropic spectrum. Since g~~ &g~,
it follows for a d' low-spin confjguration that the
first excited vibronic level is a singlet A, and that
V and P, the linear and nonlinear JT coupling coef-
ficients, respectively, are positive. The values of
the calculated parameters of the vibronic Hamil-
tonian given in Table II are consistent with a static
JT effect. Large values of the energy splitting 4,
between the first excited vibronic singlet A, and
the next lowest singlet A„ indicate that the high-
temperature spectrum is mainly due to motional
averaging. This is further supported for MgO by

an observed minimum in the variation of the line-
width of the isotropic spectrum as a function of
temperature in the [100]direction. The unusually
high T, values (the temperature at which the transi-
tion from the high to the low-temperature spec-
trum occurs) are consistent with the assumed
strong JT coupling, which again results in a small
tunneling splitting 3I'. The high 1; are also con-
sistent with the relatively large g-shifts Eg (where
&8' =g'i —Rii) ~

The electric field gradient required for the QI
is in our case caused by the JT distortion. The QI
was found to be strong in both cases; in MgO it is
much larger than the hyperfine interaction (Q/A~
-2), and in CaO it is smaller (Q/A~-0. 25). The
anomalous effects in the EPR spectra of Ir' in
MgO and CaO, caused by the strong QI, were in-
terpreted by an exact diagonalization of the spin
Hamiltonian. The differences in g values between
MgO and CaO were found consistent with the dif-
ferent crystal-field strengths of these hosts.
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