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Abstract The effect of the Jahn-Teller interaction on the giromagnhetic
factor g is calculated for the ground state of a substitutional Co in
crystalline Mg0. In the mogel employed, only the interaction between
CoZt and the six nearest 047 is considered, and their displacements from
the equilibrium position are expressed as linear combinations of all the

phonon modes of the crystal. The phonop spectrum employed is an analytic
approximation to the results ofa detailedcalculation of another author.
The effects of covalence are also taken into account inthe presentmodel.

1. INTRODUCTION

Historically the Janh-Teller (JT) theorem applies to a non-
-linear molecule or a crystalline defect with orbital degeneracy and
it states that the nuclear configuration is expected to be wunstable
with respect to a static distortion which lifts the degeneracy. In this
paper we discuss a dynamic form of the JT effect that has been exten-
sively discussed by Ham in a report of 1968'. According to this effect,
even when the spin-orbit interaction stabilizes the configuration of
higher symmetry, the coupling of the electrons of the crystallinedefect
to the symmetric modes of vibration of the neighbouring ions still
affects the properties of the system. It is the strenght of this coup-
ling which determines whether one should observe a static distortion or
a dynamic effect. The dynamic JT effect may become important when some
of the energy differences between the spin-orbit levels are close to
phonon frequencies with an appreciable density of states. The Born-
-Oppenheimer approximation is invalid in this case and the electronic
and vibrational parts of the wavefunction for each eigenstate of the
coupled system are inextricably mixed.

The mixing of states due to the JT effect implies a reduction

in the values of matrix elements of orbital operators between the elec~
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tronic states, and producesa shift in the g values for the defect. In
the cases of 032+ and Fe2+ ions placed as substitutional impurities in
Mg0, the magnitude of these shifts for the respective ground states has
been already computed with a molecular cluster modelz’a. In that model
the vibrational spectrum of the crystal has been replaced by a single
effective frequency whose value, together with the values of the co-
valency parameters and of the JT coefficients, have been chosen so as
to satisfy consistently the EPR data as well as, in the case of Fe2+,
the infrared spectrum of the system. In the present work we are con-
cerned with the calculation of the g shift of the ground state of Co2
in Mg0 with a model in which the JT interaction is restricted to thesix
nearest 02_, but employing an extended phonon spectrum. In this way we
eliminate one of the adjustable parameters (the cluster frequency) and
provide a more realistic test for the use of the JT mechanism.
Koloskova and Kochelaev® have performed this type of calcu-
lation with a Debye spectrum. In the present paper we employ a density
of states that represents more closely the phonon spectrum calculated
by Peckham® for pure Mg0, and we also consider simultaneously effects
which were neglected by Koloskova and Kochelaev. A study of covalencyis
important because it competes with the JT effect, and their relative
magnitudes must be considered in the assignement of the values of the
JT coefficients. The effects of covalency are introduced in the next
section, where we describe the problem in the absence of the JT effect.
Section 3 is devoted to the description of the JT Hamiltonian and of
its effects on the wavefunctions of 032+ in Mg0. In section 4 wediscuss
the available experiments of EPR of MgO:C02+ under external stresses,
which can be used to find a range of values for the JT coefficients.
Finally the expression for the JT shift of the lowest spin-orbit doub-
let is obtained in section 5 and the results and discussions are given

in section 6.

2. THE ZEROTH ORDER PROBLEM

The relative positions of the spin-orbit levels which are
split froni the ground electronic triplet l'T]g of the C02+ in the pres-
ence of a cubic crystal field are shown in Fig. 1. Two coefficients a
and B are introduced to take into account the crystal field admixture
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of the states ¢ of ‘7. with the states ¢! of 'p
i g 7

o =ad, +B ¢! (1)
7 7 I
An appropriate diagonalization of the Hamiltonian including the Crys-~
tal field interaction in thls weak field representation gives & =0.981

and B = 0.194 (ref ,6) The effects of 0 and Tcovalent bonding of the
states thg and l'ng (see Flg.l) with linear combinations of the 2P

orbital of the six nearest 0 ions can be introduced through the or-
bital reduction factors k,, k; and k, 57
=k, <¢.|Z]e >
T d
> _ > N
<“’il)‘L*¢j> = k, <®ip‘L|®j (2)
>t >y
<¢i]u|\pj> =k, <@;|)7[o>

The w and IP' are molecular orbitals constructed with the and

q
lg
"Tz atomic orbitals, respectively, 7 is the angular momentum operator
and A is the free ion spin-orbit coefficient of Co2 . Insteadof taking
k,=k, as it was done by Tinkham7, we shall leave k; and %, as indepen-
dent parameters because the *r states of Co?'+ are expected to give a
2g 4

greater admixture with states of the neighbouring ions than the T]g
states, so that k;>k,. Nevertheless, weexpect thatthe difference will not
be too large. Using the effective spin-orbit Hamiltonian (HSO) and the
effective Hamiltonian for the Zeeman effect deduced (both with respect
to the states in the subspace L’T]g) by Kanamor i 8, we can express the
energy differences of the states I, T,and Ty from I’ (see Fig.1) and

theg value of the ground doublet 1"6 as

-E,=b (-%OLZ+BZ) kl)\ (3a)

txy
]

[<5]
i

(-% a? +8% )k A - 20 /';ou B)? k2 AZ/8 (3b)

E' - E_ =4 (-—oc +62)k )\-]_{}.(Ca B)? kz)\z/A (3¢)

g=5 g+ -2k 2 BBarm it s Go

where A is the energy separation of the “ng from the *r . On sub-

stituting the numerical values X = -180 cm*! = 6800 cm and g, =

= 2.0023 (see reference 3) we obtain the zeroth order energy differencec



and g value in terms of the three covalency parameters.
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\\ r Fig.1 - (a) Energy level
\ o 'J. scheme of the free Co2+; (b)
\\ ,"," 8 orbital levels in the pres-
—g\\\ r ente of a cubic crystal field;
Tlg . 8 (c) splitting of the ground
A P orbital level in the pres-
ente of the spin-orbitinter-
ta} (bl el - action.

3. THE VIBRONIC PROBLEM
2+
can be

The total Hamiltonian for the system Mg0:Co

written as
= = . +
Hs Ho + HJT HS0 + HV HJT %)

where Hv describes the vibrational states of the Mg0 and HJT describes

H are products of the electronlc eigenfunctions T ., I',, 'y and I‘g
times the vibrational eigenfunctions of Hv' In the Ilow temperature
limit we may consider vibrational states with no more than one-photon
excited, so that in the occupation number representation they can be
described by |0> when n—>s=0 for all wavevector and polarization and by

the JT interaction. The eigenfunctions of the zeroth-order Hamiltonian

|n3$> when only the occupation number corresponding to the wavevector
>
q and polarization s is equal to one. The JT interaction mixes each

and these

ITnngs>=|Tn> |ngs> with all theothereigenfunctionsof H,
linear combinations are the vibronic eigenfunctions of H_, which de-
15253

scribe the states of the coupled system. HJT is given by
_ o ) € g n 4
Hyp = 7,08, + V(T @ *T Q) + V(T Q+TQ + T Qc) (5

)
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where ¥V, , V., and V, are the JT coefficients, T ' are electronic oper-

AT F r
ators which can be defined in the subspace of the functions l‘T]g as

T =1

~
I}

(-3/2) 22 + |
T = (/2) (- 2)

(6)

~
}

£
"Qsz"Qz‘Qy

™= 8y 8y - 8y 8y
EaRR

and the QY are normal modes of the seven ions complex composed by the
impurity and its sixnearest 0%, In eq.(6) the | is the indentity
operator and the Qx’ PY and R are components of an effective angular
momentum operator with &=1, defined for the orbital part of the sub-
space generated by the ground l‘T]g states of Coz+. We see from eq. {5)
that the JT interaction is limited to modes of vibration with sym-

metrles A}g’ E and T the partners of which are a(Alg)’ 6 and E

g 2g°
(Eq) and &, nand % (ng), respectively. W shall see that only the

modes Eg and 7, contribute effectively in our calculation.

2g

The coordinates QY are linear combinations of the cartesian

. . 2- . .
coordinates of the six nearest 0° which can be expressed in terms of

the normal modes Qgs of the crystal (phonons). Using the corresponding

creation and annihilation operators at_ and at_ , we find
qs qs
, Y 1 +
.= L v 7 — (o> -g>
o /ZAZ ! Dorde, — (e (7)
® Ygs qs

where m, is the mass of the 02_ , ¥ is the number of cells in the crys-

V.=V 2V, V_ =V <V = 4 ici i
tal, 8 Ve Vs £t Vp and the qu are the coefficients conecting

the QY to the &»_; expressions for s_he TZY;S are found, for example, in

qs
referente 1. In terms of a»_ and a>_ we have
qs qs
) : (®)
= Ao a»r a»r
voL gs 498 gs
gs

WIith egs. (7), (8) and the spin-orbit hamiltonian®
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_ (3 zanyt 3l ()5 2 A% 202 292 242y_ (T T2
o= (5 o%8%)0.5 - (5 aeB)® -?(zxzx + 222+ 2222) (i.si] (9)

>
where Sx’ S and S are the components of the spin operator S , we

2
complete the definitlon of all termsappearing inthevibronic Hamiltonian

H_ given in Eq. (4).

4. THE EFFECTS OF APPLIED STRESSES

To derive the JT coupling coefficlents from measurements ofg
values in the presence of external deformations we shall assume that

the interaction caused_by these displacements is described by the

Hamiltonian £ 6
e E n

- +

H = V(1 ee+‘[ee)+ Ve (T e,c:+Ten Te) (10)
where the e_ transform like the irreducible representationsof thecubic
group and are linear combinations of the usual strains. The V, and
are coupling coefficients related to the JT coefficients by T/F=/3—
V3/2  and VT = Vs/2R (R is the next smallest distance of the Mg0 lat-
tice). Taking H' as a perturbation to Hz’ retaining only terms which
are linear in the magnetic field and neglecting contributions of the
third and higher order, we obtain the corrections § to the tensor g

for the doublet T . Using the Voight notation? we can then write

, =F,, e,

8q, 13 e'7 (11)
It is found that from the 36 possible elements Fi,']' the only non-zero
ones satisfy the relations F, ,=F, =F, ., F, ,=F .=F.. and F,,=F, ,=F,,

(Fji=F7,'j)' The calculation for our model gives
(-3/2) o + B - go 2R
Eg - Eg /3 E

_ - _4
Fu_ F12_3

(12)
(-3/2) o® + 8% - g,

E, - E,

Foo=- 2RV,

44

win
|

Applying static uniaxial stressec¢ along the crystal axis D, g, 0_] and
E,I,(ﬂ - in the first case with magnetic fields paralell and normal to
the straiii and in the second case with a magnetic field paralell tothe

strain - Tucker® has measured the values of Fi1, Fy, and Fyy. Sybsti-



tuting his results into eq.{12) with E.-E, given by eq. (13-b) and
taking k;=k,=1, we find

VE’ 2.04x101Y cm”'/em 13)
13
Vp = 0.34x1011  cm™/em

The estimated experimental error is 20%, so that we shall letthevalue
of VE’ to vary within an interval of *20% around the result above. As
the value of VT
effects of 20%changes of its value, and we shall employ the value

quoted for V, in Eq. (13).

is rather smaller than that of VE’ we shall neglectthe

5. THE JT OF THE g VALUE

The matrix elements of Hz are calculated here between . pairs
of vibronic states. Denoting the two T¢ states by |a> and |-a> and
the corresponding vibronic states by [4> and l-—A>, the following re-~

duction factors can be defined!’?

k= <-Al5_|-4>/<-al8_|-a>
s 2 2
ko = <-Al8,|-4>/<-a |8 [-a> ()
<> > > > o >
ky = <-AlR.3)2, 48, (1.3) [-a>/<-a| (£.5)8,+2, *.3)|-a>
kg = <-Al22s, |-A>I<-a{f2s |-a>
27z 2"z
and the expression for the g value can then be written as
-2 e 2g2y g -2 (2 2 I g
g = 3 geks + v(a 3 B )kokl 3 ( 7 o + B) A kZ(SkA 8kB)

(15)

W see that each reduction factor is the ratio of the matrix element

of an electronic operator calculated between vibronic states to the

matrix element of the same operator calculated between the correspond-

ing electronic states and with the lattice in the ground vibrational

state. When the JT effect is neglected we have ks=kl=kA=kB:1' and eq.
(15) reduces to eq.(3-d).

In the perturbation calculation the state |-4> is obtained as

a correction to I-a>=|fa0>, with HJT given by eq. (7). Toperform the

calculation we have employed a few approximations: we replace the sum

over 5 by an integral over d33 with the density of states T/'/81r3, where
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V is the volume of the crystal, and we take the phonon frequency as
->

independent of the direction of g and of the polarization. Ifweassume

that the phonon polarization is strictly transversal or longitudinal,

4
the following relation

bt s
_Sin 2R
L ol an - i) 2120 g (16)
can be used separately for the acoustical and optical phonons. With

this relation the following expression is obtained in second order of

perturbation

1 Y sin2R %(w)
calal-s> = <alal-a + gk I 7, [ Al |1 - 22 L0 g
Yd

2R w
a q
(7)
where the index J is used to distinguish the contributions of the
optical phonons from that of the acoustical phonons, and where
e Y Y|
A =] <alT Il"m><1“m|9|rn><rn[T l—a>
Jd q
mo | (wm6 + wq) (wn6 +wq )
<-a|Q|T_><T_|tYIr ><r_|tY¥|-a>
+ m m n n
wma(wn6 + w )
—altY Y -
. <-a|t'|r ><T |t"|T, >¢ [Q]-a>
(w_ +w )w
me q’ ns
<=a|t'|r <t |1V |-a> (18)
-3 - <-a|Q|-a>
W+
n (m‘s wq)
W have taken Woo = (EQ—E’S)/}Z, WhereEzis the energy of the unperturbed

electronicstates ]I‘2>. It is readily verified that, when Y=Alg’ the
last terrn cancels the first one. Since the cases Em=E5 or En =Eg are
excluded in the second or third terms, we can conclude that the Alg
modes do not contribute to our calculation when we 1imit ourselves to
the subspace of states of the ground “Tlg' The contributions coming
from excited l‘TZ states can be neglected, because then w ; would be
at least an order of magnitude greater than when it belongs to “T]g

Expression (18) can be simplified, if we take into account that the

571



operators 7 we employ couple |-a> only with states }I‘e >5 in this case,
according to the table of Koster et aZ.”, the double sum over <y and
m (or n) In the second and third terms of eq. (18) is zero and these
do not contribute.
We employ simple analytical expressions to simulate the one
-phondn denslty of acoustical phonons Da(w) and of optical phonons
P, (w) calculated by Peckham®. W have selected six phonon frequency
intervals, and expressed pa(w) and p,(w) in each interval by afunction
of the-type
pj(w) = E]aij + big w < w,) ijl (19)
Each of these contributions is shown in Fig. 2, together with their
sum and with the curve of Peckham. W have introduced dispersion re-

lations qj(w) that satisfy the relatlon

(v/2m?) J ¢ w) dalw) = J o, (o) (20)

and its expression in the i-th interval is of the type

| 9551/ )
a0 =S [d veves w-0) ] 21)

Substituting egs. (19) and (21) into eq. (17) we had to calculate in-
tegrals of the the type

°ig - 9547172
.. J» iij+b 27 ) l} _sin2 Ldij+eijw+f7:j (w—wj) 1/:1 :} aw
) (wm6+w) (wn6+w) 2 [dijwijmfij (w—wj)g’bj_] w

(22)
which have been obtained numerically. In terms of these integrals we

can write

<-4l0]-4> = <-a|ft]-a> +

Vi<-q|TV|T >[<I_|9|T >-<-a|Q]|-a>5
27N ng Ya!TlmEmHn 2l rm]
Q

e r Ve I
mn

(23)

Y can be calcu-

The matrix elements of the electronic operators £ and T

lated with the functions §T2> given, for example, in ref.{1), and with
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ald of the table of Koster et al.. To calculate the integrals Imn it
Is necessary to know the values of ER'Es as given by eqgs. (3-a, b,c ),
wlth appropriate choice of the covalency parameters k1 and K. This
choice and also that of the parameters ko and VE which satisfy the ex-

perimental result g = 4.278 1 s discussed in the next section.

{a)

Fig.2 - (a) One-phonon density of
states for the Mg0 obtained by
Peckhan; (b) the full line rep-
resents a simulation of the
Peckhan's curve used in our calcu-
. lation, and it is obtained by the
587 -,6?" superposition of theacoustical and
optical contributions (dashed
lines)

4

y]
267 340 413

_ FREQUENCY (CM™!)

6. RESULTS AND DISCUSSIONS

In a recent worklz, we have shown that the JT effect reduces
the energy difference EE and increases E§-E¢ by an amount of
30-40 cm™! when, in absence of the JT interaction, we take these dif-

1, respectively. Since the corre-

ferences as -300 e¢m~! and -900 cm™
sponding experimental values are close to 305 em™! and 935 cm™?, re-
spectively (see ref. 12), we assume that in the absence of the JT in-
teraction these differences are 330-340 cm™! and 890-900 cm™!. Knowing
the values of EE and Eé-Ee, we can then deduce k1 and k from egs.

(3-b) and (3-c). Imposing 0.8k, as the lower limit of k, in the con-

dition k,<k, (stated in sectlon 2), we take k, = 0.92%0.01 and &,
= 0.82£0.01 which correspond to E-E = 330 cm™?, E/-E, = 890 cm™!
E;-E¢ = 945 cm™!. Substituting these numbers into eq. (22) we find by

and
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numerical integration the following values for Im

[,, = 0.177x107%¢ (rad/s) "3 Ty1gr = 0.0347x1073% (rad/s)~?
I,, = 0.0325x107%%(rad/s)"~? T,e1 = 0.0638x107°¢(rad/s) ™
,p = 0.0615x107%¢ (rad/s) ™ I,g = 0.0337x107%%(rad/s)®

(24)

Substituting these values into eq. (22) and taking VT = 0.34x70%!
(em™'/cm) and g = 4.278, the following sets of pairs of values of v

(within the limits of the experimental error) and &, satisfy eq.(15) E

VE(]OII em™Y/em) ‘ 1.60 1.80 2.00 2.40

k, ‘ 0.88 0.89 0.93 0.9
The orbital reduction factor for Fez+ in Mg0 has been estimated to be
k, = 0.952 and If we assume, as emphasized by some authors’*® , that
the effects of covalency in the Fez+ are greater than in the 002+, a
natural choice of k, in the table above is 0.96. This is in the region
predicted by Ray and Regnard3 and together with %, = 0.92 they are
much closer to one than the values ka = 0.89 and k¥; = 0.81 obtained
when the JT effectis neg]ected“. At the same time the corresponding value
Vp = 2.40%10%Y em~'/em is, within the limits of the experimental error
of the BPR measurements, discussed in section 4.

V¢ have thus obtained a set of parameters whichareconsistent
between themselves and with the existing experimental data. In view of
the arguments considered above, we shall adopt the values k,=0.96%0.01,
k; = 0.92%0.01 and VE = (2.4+0,1)x10Y em™'/em. These values have
been employed in the calculation of the contribution of the JT effect
to the electronic Raman spectra of the MgO:C02+ (Ref. 12), and the
results seem to indicate that they are essentially correct within the
stated precisions. W then conclude that the JT mechanism considered
here provides an accurate explanation of the properties of the system
MgO:CoZ+, and that its effects are comparable to those of covalency.

The reduction factors associated to the parameters adopted

above are
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ks = 0.945 kﬂ, = 0.965 kA = 0.986 kB = 0.998
and their departure from unity is due only to the JT interaction. Note
that our definition of the reduction factors is different from that
given by Haml’z, which gives values different from 1 even in the ab-

sence of the JT effect.

\Je express our gratitude to the Fundagdo Ceciliano Abel de

Almeida for support in the preparatlon of the manuscript.
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Resumo

¢ efeito da interacdo Jahn-Teller sobre o fator giromagnético g
€ calculado para o estado fundamental de um ion Co2+ substitucional em
MgG cristalino. No modelo usado, somente € considerada a interagao en-
tre o Co?* e os seis 02~ mais proximos, e seus deslocamentos da posigao
de equilibrio sdo expressos como combinagfes lineares de todos os modos
fondnicos do cristal. 0 espectro de fonons utilizado € uma aproximacgéo
analitica dos resultados do céalculo detalhado de um outro autor. Os efei-
tos da covaléncia sao levados en conta no modelo.
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