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The near infrared emission of MgO: Ni®* at 77 and 5 °K is reported. At helium temperature
the spectrum consists of one sharp zero-phonon line between the '3, (*Ty,, #3,e3) and T'5,(A,,,
tggeg) states, and an accompanying vibrational sideband. On the assumption that the perturba-
tion giving rise to this sideband comes from an interaction of the impurity ion with its nearest
neighbors, the intensity of the band can be described in terms of a weighted sum of localized
Green’s functions. A calculation of these functions is made based on a lattice-dynamical shell
model. By taking a semiempirical admixture of the various calculated Green’s functions, a
good comparison with the one-phonon sideband is obtained. The agreement is shown to re-
main fair when using admixtures determined by considering a model where the Ni%* jon experi-
ences a varying electrostatic potential because of the motion of point-charge nearest neighbors.

I. INTRODUCTION

Several studies have been made on the vibronic
spectra of rare-earth ions!~® and color centers®’
in alkali halide lattices for which the lattice dy-
namics had been previously determined with the
help of neutron and x-ray diffraction data. A
knowledge of the lattice dynamics permits a com-
putation of the vibrational sideband distribution
which can be compared with the spectrum to test
the theoretical model. Until recently,® no such
treatment has been presented for the case of 34"-
3d" transitions, but these iron-group ions substi-
tute for Mg?* in the MgO lattice, giving, in several
cases (Ni‘', V¥, Cr®, Mn%),°-! interesting de-
tailed vibrational sidebands. Furthermore,* Peck-
ham has used a shell-model treatment of the lattice
dynamics of MgO to give fair agreement with neu-
tron data,!® so that this system is an ideal one
for the above type of study.

In the case of the rare-earth ions, an electro-
static coupling model is used which considers the
perturbation giving rise to the sideband as coming
from the varying electric field of the phonons at
the impurity site.!~® However, for the iron-group
ions, the 3d" electrons lie outermost on the ion and
overlap the surrounding ions (e.g., see Ref. 16),
so that the perturbation giving rise to the phonon-
assisted transitions should depend largely on the
motion of the nearest neighbors.

Both this paper (I) and the following paper (II)'7
present calculations of vibronic transitions of
MgO: Ni?* made within this framework of nearest-
neighbor coupling interaction. In this paper, atten-
tion is restricted to one-phonon sidebands and the
Ty Ty 3,03)~ Ts,(PAg,, 15,€7) transition of the
Ni®* jon. The vibronic intensity is expressed in
terms of a weighted sum of odd-parity localized
Green’s functions. These functions are determined
from a numerical calculation of the lattice-dynam-
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ical shell model with allowance made for possible
mass and nearest-neighbor force-constant changes.
On substituting Ni®* for Mg?* in MgO the mass
change is known precisely but some estimation or
guess at the force-constant changes have to be
made. In Secs. VI and VII, two different sideband
constructions are given and compared to the ob-
served vibronic spectrum. In Sec. VI, the admix-
ture of Green’s functions is treated semiempirical-
ly in an attempt to give a best fit to experimental
data. In Sec. VII, a rather crude point-charge
model is adopted in an independent calculation of
these coupling parameters.

This study complements parallel work done by
Sangster and McCombie® who have treated the case
of the vibronic band 2E, ~ *4,, of V?* in MgO and
Ty, (*Ty,) = T5,(A,,) of Ni®* in MgO. Comparisons
will be made here with their work.

1. SPECTRUM OF MgO :Ni**

First, a synopsis of MgO: Ni®* spectrum, both
absorption and emission, is made with considera-
tion given to which bands come from single electron-
ic transitions.

Ralph and Townsend!® have recently published the
absorption spectrum of MgO: Ni%* at 77 and 5 °K..
This agrees (although in greater detail) with earlier
data by Pappalardo, Wood, and Linares!® and by
Low.!® Three strong absorption bands appear at
8500, 14500, and 25000 cm™ corresponding to the
spin-allowed transitions from the 4, (t5.e?) ground
state to the 3Ty, (£5,e3), 3Ty, (£5,e3), and *Ty,(t5.el)
states, respectively. A fourth and weaker band at
21500 cm™ corresponds to the spin-forbidden tran-
sition to the T, (#3,¢) state. For each of the spin-
allowed transitions there are several close-lying
electronic levels, and each one gives rise to a vi-
bronic band. These overlap and cannot be sepa-
rated. This makes the absorption data of the spin-
allowed bands unsatisfactory for a detailed analysis
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of the vibronic structure. The spin-forbidden
transition is weak and only the predominant fea-
tures of the structure can be seen, but this will be
used in Paper II when discussing this transition.

The fluorescence of a Ni?*-doped MgO crystal has
been measured by the author under several differ-
ent excitation methods including (i) optical lamps—
high-pressure mercury arc, zenon arc, quartz-
iodine, and tungsten; (ii) a 50-pA, 20-kV electron
beam; and (iii) 15-mA, 55-kV white x rays. Sev-
eral emission bands are seen with identical struc-
ture but varying relative intensity, for the different
excitation mechanisms. By comparing the spec-
trum from numerous doped and undoped crystals it
was established that two of these bands are asso-
ciated with the Ni%* center—one in the green at
20000 cm™ and one in the near infrared at 8000
cm™. The third band seen by Ralph and Townsend!?
at 13000 cm™ was not seen here—masked by very
strong emission from other impurity centers.

The infrared emission at 8000 cm™ has been re-
ported previously by Ralph and Townsend® under
electron-beam excitation and is reported here un-
der optical excitation. (With the excitation meth-
ods available, the fluorescence was an order of
magnitude more intense using optical pumping than
by electron or x-ray bombardment.) Emission is
observed from two electronic levels located at
8178 and 8002 cm™! corresponding to the excited
states Ty (*Ty, #.e}) and Ty, (*Ty,, f5,e]), respec-
tively. From each state there is a zero-phonon
line and an associated sideband but, by cooling to
helium temperature, where only the lower level is
populated, a band associated with a single electron-
ic transition is isolated. This band is predominant-
ly one phonon and is the focus of attention in the
present paper.

The second emission band at 21 000 cm™! arises
from the Ty, state—an isolated electronic level.
The emission, therefore, is associated with a sin-
gle electronic transition. It is broader than the
infrared band and clearly involves more than one-
phonon processes. It will be the subject of a de-
tailed study in Paper II where the whole treatment
of vibronic transition is extended to consider multi-
phonon processes.

III. EXPERIMENT DETAILS

The near-infrared emission spectrum of

MgO: Ni was recorded for a crystal clamped to a
copper finger of ahelium Dewar. The crystalhadbeen
grown from the melt in an electric-arc furnace®
with a dopant level of 0. 1-wt.% Ni and had dimen-
sions 4X10X10 mm. The fluorescence was stimu-
lated by using a 48-W incandescent tungsten lamp,
an f/1 condenser lens and filters. The emission

at right angles was analyzed by a Bausch and Lomb
0. 5-m monochromator with 600 line rulings/mm
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grating blazed at 1 u and detected by a PbS cell
using phase-sensitive techniques.

At room temperature the fluorescence extends
from 8500 to just beyond 7500 cm! with a broad
peak at 7700 cm™!. On cooling, the intensity drops
slightly and some structure appears. By liquid
nitrogen temperature, the band exhibits one strong
sharp peak at 8002 cm™ with several peaks on the
low-energy side. On the high-energy side there is
a weak sharp peak at 8178 cm™! which disappears if
the crystal is further cooled. At helium tempera-
ture the emission consists of one strong sharp line
then at 8009 cm™, which is narrower than the in-
strument can resolve (10 cm™) accompanied by a
sideband which has major peaks at 220, 390, and
555 cm™! and further minor peaks up to a distance
of 1000 cm™ from the initial sharp line.

The two sharp fluorescence lines at 8002 and
8178 cm™ at N, temperature coincide with the sharp
lines in the absorption to the 37,,(£,e?) levels'® and
arise from magnetic dipole pure electron transi-
tions between the two lower TI'y,, Ty spin-orbit split
components of the *T,, (3,¢}) state and the ground
state T, (PA,,, t52).!® (T is used to denote irre-
ducible representation of direct products of spin-
orbit space.)

The emission at 77 °K agrees with that observed
by Ralph and Townsend? but at 5 °K differs in the
structure within 200 cm™! of the zero-phonon line—
presumably due to different crystal preparation or
dopant concentration. The peaks, at 90 cm™ and
125 cm™!, which are clearly seen at helium temper-
atures (Fig. 1) are considered to arise from Ni%*
at noncubic sites, probably Ni?* pairs. As the tem-
perature is raised from 5 °K, these lines broaden
without any corresponding broadening in the 8009~
cm™ line or anywhere in the sideband. The rest
of the band is, thus, considered to arise solely from
the phonon-assisted Iy, 'y, 3 ef) ~ T's, ((Ay,, 15, €2)
transition of the Ni?* ion at cubic sites.

IV. THEORY

It is assumed that when the Ni®* ion replaces the
Mg?* ion that there may be a relaxation of the lat-
tice about the impurity-ion site. If the state is de-
generate, then this relaxation may lower the sym-
metry from O, by the Jahn-Teller effect.?’ Inthe
case of Ni?*, the ground state is an orbital singlet
and does not distort other than by an A,, displace-
ment as confirmed by electron spin resonance
(ESR) measurements.? When in the excited state,
an orbital T,,, the system may be distorted but this
is assumed to be small enough that the O, point
group may be used to a good approximation.

The equilibrium configuration of the lattice for
the Ni%* jon in its ground and in its excited state
may differ and result in changes in the lattice vi-
brations between the two states, i.e., in the
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FIG. 1. Emission spectrum of
MgO: Ni?* at 5 and 77°K. The inten-
sity is uncorrected for relative sensi-
tivity but varies by less than 5% across
the spectral range.
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Green’s-function calculation which follows, differ-
ent force constant changes should be used for the
two Ni?* states. Here these changes are assumed
to be small so that the same or average force con-
stant changes may be used. If the sideband were
observed to be mirror images in absorption and
emission, this would be a fair indication that the
lattice vibrations were indeed unaltered between the
two states. Unfortunately, overlap of neighboring
transitions in absorption prevents such a compari-
son for the transition of present interest. For a
second Ni®* transition, T's,(*Ty15,e2)~ Ty, Ay, 5,€2),
where the distortions are suspected to be larger,
the vibronic bands in emission and absorption are
close to mirror images of one another!” and, thus
the assumption should be reasonable for both tran-
sitions.

The zero-phonon line at 8009 cm-! is a permitted
magnetic dipole transition, but the associated side-
band is considered to arise from electric dipole
radiation induced by odd-parity vibrations about the
impurity site. The predominant features of the
sideband lie within the range of the vibrations of
the MgO lattice and, therefore, the problem of
linear electron lattice coupling is of principal in-
terest.

It is assumed that the coupling arises solely from
the interaction with nearest neighbors, so the in-
teraction is expanded in a power series of the sym-
metry displacements

VE, X)=V(F, 0)+2 V& F) X&), (1)

Tyn

1 | |
000 ENERGY (cmi)

where the electronic coupling functions are deriva-
tives of the electron potential evaluated at the
equilibrium configuration of the defect lattice:

(n)(% :_E)_VLI:_) 2
VE(T) 5X | (2

T represents the electron coordinate, X the nucleus
coordinate (X=0 for equilibrium configuration of
defect lattice), and X{%) the symmetry displacement
coordinates of the central ion and six nearest neigh-
bors (called the complex). T represents the irre-
ducible representation, and y the row of that repre-
sentation according to which the displacement trans-
forms and (z) is used to distinguish between dis-
placements of the same symmetry.

Note that within the complex, the symmetry co-
ordinates X{) are related to the normal coordinates
q(K, 7) by a linear transformation

X@-= g},Aé‘ny) &, j) ¢, 5) . 3)

The total transition probability of going from one
electronic level e, symmetry T,, to a second level
f, symmetry Ty, with the same parity, and general-
ly being degenerate, is given by the sum of the
transition probabilities of the component transitions.
The pure electric dipole transitions are forbidden
by parity, but in second-order perturbation the
probability per unit time W,., of an electric dipole
transition is given by
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2m
W,. == 23
initial and final states i

where P is the interaction with the photon field in
the dipole approximation. The ¥’s are total wave-
functions of the system; V¥, is the excited state, ¥,
the ground state, and ¥; the intermediate state.

E,, E;, and E, are the energies of these states. The
summation over initial and final states includes the
contribution from the individual transitions between

|
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the components of the degenerate levels.

The transition probability for a system initially
in the electronic excited state e, and zeroth har-
monic-oscillator state (i.e., low-temperature
limit) making a transition to the ground electronic
state with the creation of one phonon is given by

final states

21
e-fzfzyf E

ail'y7¢

<1X1(k, ATy V] 1Xo(k: #a;Tyy; )< 1Xo(k, fa;Tyv; | P lOXo(E, DTeYe)

> {<1X1(k.,]')rf'yf|P|0X1(Ezj)airf7i><0X1(E,j)air17£] VIOXo(E;j)re7e>

8, -8, +hwk,j)

8, -8, -nw,j)

where the wavefunctions |¥,) have been written as
Inx,(k, §)T,¥, ). » is the numper of photons, ¥, (&, 7)

is the harmonic-oscillator wave function for the lat-

tice with all the individual oscillators in their
zeroth occupational state except the (&, ) mode,
which is in occupational state 7 (here, either 1 or
0), and I',y, is the electronic wave function of the
state k, symmetry I',, row v,(a, is used in ad-
dition where there are more than the one possible

_

AQAvY3e?

W,.;= Ry

}\26(8f—é’e+7iw(ﬁ,j)+ﬁv), (5)

[

state of that symmetry). &, is the energy of the
electronic level, %w(k, j) the energy of the phonon,
and 7y the energy of the associated photon.

The crystal is cubic and hence the calculation
may be continued using only one component of the
dipole operator, say y. Then after substitution
from Eq. (1), the transition rate for photons with
angular frequency between v and v + Av observed in
solid angle AQ is

2mc

Yels ki a7y

ey 1y Tey, >Em< Fﬁrf V7 la

Fi?’: Mo &, )1 X8 1 xo (&,

» < Tevelyla Ty >21"7h( a; T3V, (")I Tove X X1 (k, 4) |X(”) |Xo(k41 )
8, =8, +hw(k, 7)

The dipole matrix elements (I'yy;|yla,T;7;) and
{a;T;v; |y T,v,) will only be nonzero if the states
T'; have the opposite parity to I'; (and T,) which also
restricts the coupling function V{%), symmetry T,
to be of odd parity. The odd-parity excited states
|

W,.r= W(w)Aw = Evn’ Fyfome

2mc

Yef §i Tynn'

¥ >1| 5(8, -8, +hiw, j)+iw) . (6)

r

a;T';v; lie well above the 34" states of concern and,
therefore, it may be assumed that 7w (&, j) < §; - &,
and 7w (E, j) < §; - 8, for all kK, j. The vibrational
and electronic parts in the expression for the tran-
sition rate can be further separated to give

AQAVY3e? » E 2 Fre:'f F 'Ve"Yf*(xl(k’] [X(mIXO(E,]))

(xol& N XT* 13, &, )Y 6(84 - 8, + Hiw (&, ) +7w) , (7

where

yCyn

Gir‘7‘ gi - 83

By substituting from Eq. (3) and using harmonic-
oscillator creation and annihilation operators, the
vibrational part gives

Z)<X1(k’.7 )| X8| xo&, 7)) (xo®, 7 | X5 |3y &, 7))

Frerf= 20 {< Tevelvla Tyy; ) Ca Ty |V {5 | Ty ) <Ff7f| Vi

Ia,l",-n)(a,I‘i'yllyll;‘,Lye)} ®)

8 -6

-
X 5w - hw(k, 7))

-Z.A"”(k AT (K, 5)* 5w - w(, 7))

Z(k)
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_ AR K, j)Al ’(k,])
_Imz,‘ w(ri{,]) - (w +ie)?
=(1/m) ImGI" (w) , 9

where 7iw=8,- 8, - hv, the frequency shift from the
zero-phonon position. Gf"’(w) is the standard
Green’s function of the locahzed space of the cen-
tral ion and nearest neighbors, for the pair of sym-
metry displacements I'yn, T'yx’ and is independent
of the row y of the irreducible representation; Im
stands for “imaginary part.”

The one-phonon distribution can finally be written

Ww )—A—“Z{rz [2

Tnn' L» Tels

Te=7¢ Ye~7?,
Fyl"rn FyI‘Ynf’

]IIIIGI(-‘""’)(&)) ,

(10)
i.e., a superposition of the Green’s functions asso-
ciated with the odd displacements of the complex,
weighted by the coupling parameter given in the
square bracket.

V. GREEN’S FUNCTIONS
As pointed out by Page and Dick,® a Green’s-

function treatment consistent with the lattice dy-
namics should include the shell-shell and core-

4700
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o
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FIG. 2. Phonon dispersion relations along major sym-
metry directions in MgO. The solid line shows the shell
model predictions using the parameters given in Table I.
The open and shaded experimental points are those of
Peckham (Ref. 14) and Buckland and Saunderson (Ref.
15), respectively. The horizontal and vertical bars
through these points denote longitudinal and transverse
vibrations, respectively.
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TABLE I. Shell model parameters.

Spring constant

Constant Value Units in N/m

Mg?*-0% longitudinal A 32,43 204
spring constant

Mg?*-0% transverse B —4.26 —-26.8
spring constant

0%-0% longitudinal A"  -2.49 e?/2v —-15.6
spring constant

0%-0% transverse B 0.37 2.3
spring constant

0% shell-core k 60.0 377
spring constant

Mg?" shell-core o w
spring constant

Total charge zZ 2
on each ion e

0% shell charge Y, -2.81

Mg? mass myg  24.32

0% mass mo, 16.0 a.m.u.

Cell constant R 2,106 A

shell as well as core-core functions. This would

greatly increase the number of separate functions
and hence the number of coupling parameters.
However, the functional form of the shell-shell and
core-shell Green’s functions almost mirror the
corresponding core-core functionszs-essentially be-
cause of the strong shell-core force constants—and
thus their introduction merely adds to the complex-
ity without necessarily improving agreement. Any
better degree of fit could equally well be brought
about by variations of the parameters already pres-
ent. The calculations, therefore, are restricted

to the core-core Green’s functions even though it
will introduce inaccuracies, hopefully small, when
considering the defect lattice.

The Green’s function computations were made by
M. J. Sangster and are reported in some detail in
Ref. 8. The shell model employed was that of Peck-
ham.!* The parameters are shown in Table I and
the resultant dispersion curves in directions of
high symmetry are indicated in Fig. 2. The agree-
ment with neutron data is always within 13% although
in general it is significantly better. The dynamical
matrix was solved for 3142 points evenly distributed
in % of the first Brillouin zone giving 125000 points
in the entire zone. The eigenfrequencies w(k, j) are
grouped into 600 equal frequency intervals between
0 and 702 cm™l. Then for one row of each symme-
try displacement I'™, the value of A, j) is de-
termined by using the relationship

(")(k,] r';,) Q(Ey]) . (11)
The product A% &, )45 &, j)* gives the contribu-
tion to the Green’s function G{"’(w) from the mode
(K, j) and the total value of the function in a given
interval is obtained by summing over all the modes
within that interval and dividing by the width of
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the interval and by twice the frequency. A histo-
gram is formed which is smoothed to give a con-
tinuous function

AR R, )AL K )
2wk, j)

g T
MG (w)=—
AW < w(k,i)<wiw

(12)
The real part of the Green’s function can be ob-
tained by Kramer -Kronig relation

‘W (m’)
Rer-""')(w)=l P/ maxlﬂgrr.gi) dwi .
™ A Wi =w

(13)
Re denotes “real part,” and P denotes “principal
part.” wp,, is the maximum frequency of the lattice.
In an XY, complex, there are four even-parity
displacements A,,, E,, Ty, and T, and hence four
associated Green’s functions. Also, there are
four odd-parity displacements, one T,, and three
T,, (Fig. 3) which result in seven associated
Green’s functions, six related to T,, motions. The
effective number of the T, functions will eventually
be greatly reduced (from six to three) by choosing
as one of the basis the translational motion of the
complex for which there will be no coupling within
the present scheme. However, all six must be re-
tained until the imperfect lattice problem is tackled.
When an impurity ion replaces the Mg?* ion there
will be in addition to the change of mass at the sites
changes in the force constants in its neighborhood.
If strongly localized, the changes will be predomi-
nantly in the force constant between central ion and
the nearest neighbors plus, perhaps, any change of
the shell-core spring constant within the central
ion. This latter change is discounted since the Ni?*
ion does not have appreciable polarizability com-
pared to the oxygen ion. The model adopted then
allows for a change in mass, and in longitudinal

T(A) T(B) T(C)
lu lu lu
172
T2u
FIG. 3. Odd-parity symmetry displacements of nearest

neighbors indicated for one row.
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FIG. 4. The imaginary parts of the 7y, Green’s func-
tions. The solid curve gives the perfect-lattice Green’s

function and the dashed curves give the functions where
changes AB (in N/m) have been made in the transverse
force constant B. The vertical scale is in units of 10728
sec? per atomic mass unit.

and transverse force constants AA and AB between
the central ion and the six nearest neighbors, re-
spectively.

The Green’s function of the defect lattice is then
simply related to the perfect-lattice functions:

Gime(y) =[1+G(w)AK(w)]! Glw), (14)
where G (w) is the matrix of the perfect-lattice
Green’s functions and G '™(w) the equivalent matrix
for the imperfect or defect lattice. AK(w) is the
matrix of the local disturbance. _

Note that this equation also is not strictly con-
sistent in its treatment of the cores and shells of
the dynamical model in that it neglects the very
high frequency shell vibrations, which effect all
the Green’s functions including core-core functions
in going from the perfect to defect lattice. [Term
(H2,)™* of Born and Wagner? is neglected; see Ref.
23.] This omission should not change the Green’s
functions substantially.

For the T,, motion there is simply the one Green’s
function in the matrix and the associated element
AK= AB, the change in the transverse spring con-
stant. The T,, perfect-lattice Green’s function is
shown by the solid curve in Fig. 4, and the imper-
fect lattice function for two different changes in the
B force constant by the dashed curves.

With the definition of Ty, basis functions shown
in Fig. 3, the matrix of T,, Green’s function is
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3/2/2T /7
/6 7{2% s T o Z{

(1 (2) (3)
Tlu Tlu Tlu

FIG. 5. Ty, orthonormal symmetry adapted displace-
ment of central ion and nearest neighbors indicated for
one row.

G(AA)(w) G(AB)(w) G(AC)(O))
Gw=[c"*w) W) W |,
G(CA)(w) G(CB)(w) G(CC)(w)

and the matrix of the local disturbance at the same
time is
AA 0 -V2aA
AKw)=| 0 AB -2AB . (16)
-V2AA -2AB 2AA+4AB-Am

The imperfect-lattice function can then be obtained
from Eq. (14). Functions defined in terms of an

(1) i (22) 1
Gu @ IV e G @
e

1F PERFECT
LATTICE

T
L

| N SUBSTITUTED

o T W w0
E o3 PRRFECT | wlem)

FIG. 6.
tions. In each case the solid curve gives the perfect-lat-
ice Green’s function and the dashed curve is obtained when
the mass of the Mg ion is replaced by that of the Ni ion
without any variations in the force constants (i.e., mass

The imaginary part of the 7y, Green’s func-

change only). The vertical scale is in units of 10728 gec?
per atomic mass unit.

0_5- 4L u ] _
04
03 1t ol ¥ .
0t i | ]

FIG. 7.
tions.
functions with mass change only (dashed curve in Fig. 6)
and the dashed curves represent these functions when
spring constant changes are made in addition (AB=0).

The imaginary part of the Ty, Green’s func-
The solid curve gives the defect-lattice Green’s

alternative set of basis vectors as given in Fig. 5
can then be obtained by a linear transformation

v2/V6 0 -2/v6
S=\-2v2/v2l 8/v21 -2/V2l |- (17)
Yo /vT  2/V1 1/V7

With the new basis vectors all functions associated
with 7{¥ will have zero-coupling coefficient in the
nearest-neighbor coupling scheme. Interest is,
therefore, concentrated in the three Green’s func-
tions G (w), G®(w), and G"*? (w) [=G'*(w)], and
the equivalent functions in the defect lattice.

These perfect lattice functions are shown by solid
curves in Fig. 6, and those corresponding to a
mass change from Mg?* to Ni?* is given by the dashed
curve. In Fig. 7, this latter trace is repeated as
a solid curve¥ind the dashed curves give examples
in which additional force constant changes have
been considered.

VI. COMPARISON BETWEEN THE SIDEBAND AND GREEN’S
FUNCTIONS

In this section the Ni?* infrared band is compared
to an empirical admixture of the four odd-parity
Green’s functions. A comparison of Fig. 7 and Fig.
1 shows that there is a similarity between the one-
phonon sideband and the Gf'!)(w) function in which
only mass change for the Ni** ion has been made.
The likeness can be improved with slight admixtures
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of other Green’s functions:

W(w) o aa[ImG}lllu)(w) £ B2 ImG‘zz’(w) + cImG“Z) ()

+d®ImGr,, (@)], (18)

where the coefficients are related to the square
bracket$ in' Eq. (10)

Ye = Ye=7f
[E 2 F "}(1{ F T(v* =a?,
Y vers
™ Ye=7f Frey
2o F:ﬂe‘(z)v y;(z‘{*] a®b ,
LY Ye‘)‘f

(19)
[~ Ye=7f r - 7f% re~?.
275 (FyT(l)'r fqgﬁ +FjT¢z§ Fﬂu ):l a’c |

LY ')’e'/f

Ye=7f paYe Tk 2 52
Z}EFy%’; ef]ad,

YY'/f

with ¢ <2b. For the

Ty, Ty, £563) ~ T5, CAg, 1562

transition the calculation in Sec. VII gives ¢~ 2b,
and the equality is assumed for the empirical pa-
rameters. The predominant peak positions are at
210 and 395 cm™! compared to the experimental
peaks at 220 and 390 cm™ and have the same inte-
grated intensities for admixture coefficients 5=0. 25
and d=0 as shown in Fig. 8. The agreement is

fair but by no means exact. The largest peak

matches the experimental one very well and although

there are no peaks completely resolved, on its
high-energy side there are clear shoulders corre-
sponding to the calculated maxima at 430 and 480
cm™!, This can be understood if there is some
broadening of the features by anharmonic effects
or by contributions from more distant neighbors.
The peak predicted at 210 cm™ agrees well for
position but not so well for shape. At higher en-
ergies the peak at 550 cm™ is not seen at all in the
theoretical model and has not been reproduced by
calculations of two phonon peaks (see Paper II).
This discrepancy is probably due to an inaccuracy
of the lattice-dynamical model at high frequencies.
The LO branch cuts the zone boundary at 550 cm™!
and not at 500 cm™ as given by the present model.
Had parameters been used which predict this fea-
ture more accurately, then the peak at 550 cm™
may well be accounted for.

By allowing for small force constant changes
AA and AB or changing the admixture parameters
of the Green’s functions the agreement can be
changed, perhaps improved, but the significance
is doubtful. It is interesting in this context that
Sangster and McCombie® have obtained an alterna-
tive fit by allowing for force constant changes
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rather than admixture of Green’s functions. Clear-
ly, it would be desirable to determine independent-
ly one or both sets of parameters (i.e., force con-
stant changes and/or Green’s-function coupling
parameters). In Sec. VII the results of a calculation
of the latter are described.

VII. COUPLING PARAMETERS

A theoretical determination of the admixtures of
Green’s funct1on§ requires an evaluation of the
parameters Fm,,l and for this to be consistent with
our justification for assuming that the perturbation
arises predominantly from the motion of the Ni?*
ion and its six nearest neighbors, a molecular
orbital treatment should be adopted. This has not
been attempted, but rather it is assumed that the
interaction is proportional to the change in electro-
static potential at the participating electron arising
from the relative motion of the central ion and
nearest neighbor ions considered as point charges.

In addition, to simplify the calculation, it was
assumed that the higher-energy odd-parity states
of the Ni®* jon lie sufficiently far above the d® con-
figuration levels and sufficiently close together that
the energy denominator in (8) may be taken to be
the same for all terms, i.e.,

8§, -8,~8,-8,~A8 foralli. (20)

For Ni%* in MgO the upper states lie within a region
of strong absorption by the lattice starting at

40000 cm™, and are not directly accessible to mea-
surement. However, in the free ion the lowest

Experiment

Intensity

'
800 1000

wlem™)

FIG. 8.
and calculated sideband. The following emplncal admix-
ture of the Ty, Green’s functions is used: 1Gf} ()
+0.25GH2 () +0. 025GF 2 (w). The peak at 550 cm'1
thought to be a one—phonon feature but the 800-cm™! peak
is more likely to arise from a two-phonon process.

Comparison between experimental sideband
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odd-parity state (d" ) is at 110000 cm™! and the
ionization limit lies at 310000 cm™.2* Assuming
the crystal field levels do not drastically alter these
then the conditions will be partially realized.

The summation in Eq. (8) is over all excited
states ¢ (only odd electronic states contributing),
and therefore, because the energy denominator is
the same for each term, closure may be used:

la;Tyy, ) (a, Ty | =1
i

(21)

ail"i‘r

The electric dipole operator commutes with the
electrostatic perturbation V¥, and hence:

Ye~
Fl’l"'m"e

(2/A8)(Tyvs| y V2 | Tuye) (22)

By making use of symmetry, the number of ma-
trix elements which need be evaluated can be great-
ly reduced. For example, considering the transi-
tion from a doubly degenerate I'y, level to a triply
degenerate I';, level, the coupling can be determined
by evaluating the following elements:

Fiimm=(2/A8)(T5t l yVlg‘r)| Tye), Ty=Tyx, Tyt

(23)

Fiign=(2/08)(Tset [ yV | Ty8), Ty=Tyx, Tyt
(24)
where the two Ty, or E, functions are denoted by
0, € angular parts transforming as (32% - %) and
(#® - %), respectively, and the three I';, or Ty,
functions are denoted by the £, 7, and ¢ angular
parts transforming as yz, zx, and xy, respectively.
The total coupling coefficient [bracketed term in
Eq. (10)] for the Green’s function G’ (w) is then
given by

2 F5ts F 5t + F5igm Fiiyw] - (25)
To proceed further some form of the electrostatic

potential and suitable electronic wave functions must
be adopted. Details of these follow.

A. Vibrational Perturbation

Introducing the basis set in Fig. 5, the change
in potential energy at the 3d electron is given for
each vibration by®

1
Vi3 [N G VT T

3V15 3V35 3V63 r°
+< 2 %-%n Yiron ‘y>_7]Zez,
(26)
V=g [l (L0 20 IO ) 2
3V35 15V7

V15 .,
(O3 S ey

‘ys) ]Ze, (27)

2653
V6 ., 310
Vraua =73 [(5 Y3+ N0 ‘ys>
Vi5 3V35 VA s\ E
+(74 Yirgrg Y5+ 12\/“3)%] zé*
(28)

where Ze is the electrostatic charge on; each: of the
nearest neighbors, each at distance R. The elec-
tron coordinate is I referred to the core position
as origin: Y7 is defined as

m_ 4 1/2 -
‘y"<21+1> [ 2 ]’

where Y7 are spherical harmonics.

In the choice of Ty, basis vectors used in the
Green’s-function calculation (Fig. 5), the corre-
sponding perturbations are related to the above ones
by

(29)

Vi .= @2/ V3) V) + V3V

T1ws 2 (30)

<2> =(V/V3) V! ‘B’ (31)

B.- Electronic Wave Functions

The electronic wave functions | T}y, ), | I"fy,) are
given in the standard form by crystal tield theory
as the eigenstates of the Liehr and Ballhausen ener-
gy matrices [Ref. 26, Eq. (4)]. With the param-
eters F,=100 cm™, F,=1400 cm™, Dg=-830 cm™,
and X = - 325 cm™! which were parameters chosen
to predict the T'y, and Ty, levels at 8002 and 8178
cm™, 2 the relevant eigenstates expressed as a
linear combination of strong field states are

| T5)=0.988| T5(A, £5e%) +0. 106| T5(T, 5e?)

+0.002| 5T, 8¢%)) +0.028| T5(1 Ty ¢3e%))

+0.005|T5 CTytae?) ) +0.000|T5 (1T, £3eY) ,
(32)

| T3)=0.965| Iy T,t3¢%) ) +0. 115| T3 (LELSe2) )

+0.088| T3(°Ty£3¢%) ) +0. 118|T4(3 T, the?) )

+0.010| Ty(*Eted)),  (33)
where, because the eigenstates are the same for
each row of the irreducible representation, the
label for the row has not been included. Also, for
brevity the suffix g is dropped.

The strong field states can be expressed in terms
of the product wave functions of two-hole wave func -
tions, e.g.,

| 152 (A, 8

)y==G/V2)|6%e ) +]67€")), (34)
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|70 CT,85e%) )= 4| 0°E*) = V3

| ryeCTot3e®) ) = (i/2V12)

x [z

—LloEy+ W3/2) | ety =il on ) - (iV3/2)| ey -4

where + and — denote spin projection.
C. Coupling Parameters

Upon evaluation of the angular dependence, the
matrix elements (23) and (24) can be expressed in
terms of a product of the constant Ze?/RAE and the
weighted sum of three radial integrals:

R,=(r®/R%* R,=(r*)/R%; Rg=(r%/R®. (37)

Unfortunately, there is significant variation in the
values of these integrals depending from what type
of calculation they are taken,?’ e.g., using analyt-
ical Slater functions or Hartree-Fock functions.
However, no attempt is made to calculate absolute
intensities and the relative coupling coefficients
depend only on the relative R,/R,/R¢ values. In
addition, it will be shown below that for the

r 31(3 Tz: ’ tief:) - rs:(aA?.g ’ tgei)
transition the coupling parameters are insensitive
to the value of R,.
The largest contribution to matrix elements (23)
and (24) should arise from the first of the strong-
field states in the eigenstates (32) and (33). Con-

sider the contribution from these terms only, i.e.,
in the strong-field limit,

FELE = (2/A8)(T56CA, 13e®)| y ViR | Tye CT,t3e%),
(38)
where

Ty= T1ux9 TZug ’

Firn= (2/08) (DstCA; t5e®) |y Vil | T10CT, tie) ,
(39)
where
PY=T1,‘X, Taug .

It can be seen by inspecting the spin components
[see Eqs. (34)-(36)] that the F*~ %s are all zero
and the F*~%s have only a contribution from the
last line of (36):

2 1

Fiim=3g 75 (CvPe+Eyvy )

(40)

-2 E (el (a1)

0°t*) - (V3/2)| e*t*)- i |on*y - 1iV3

tY+ilom Y+ iV3|enty - |07E)Y+VE |ty +ilon ) +iV3len)), (35)

€n’)

0°cy-4l67¢)], (36)

[
The spin dependence of the one-electron wave

functions can be dropped because the operators
have only orbital dependence. Note that is because
F*"%ig zero that the parameter for the cross
Green’s function G%2) (w) is equal to 2b. When
using the eigenstates, both elements, i.e., (23)
and (24), are nonzero and the cross-term para-
meter is no longer exactly 2b. However, (23) re-
mains small compared to (24), and the resultant
deviation from 2? is slight, as will be seen from
Table II.

Evaluation of the one-electron matrix elements
in (41) gives

4 15 V2 10 V2 Ze®
14ad - — v & =~ =2
BT 75 [’ 7 V3 Mt Vs RG] RAE
42)
4 5 V7 10 V7 Zét
g~¢ e | = _—— —
F”t‘n?}‘\/?[ 14 V3 B Vs RG]RAg ’
43)
4 15 1 10 Ze?
g=e _ _= | = Y L =X kN
Fsro= 76 [2 7 B 11 6] RAS “4)

Note that the coefficients of the R, terms always
vanish. This result may be obtained from sym-
metry arguments in the full rotation group and is
not, therefore, a property restricted to the near-
est-neighbor treatment. It implies that the dipole

TABLE II. Coupling parameters.. The numbers out-
side the brackets give the coupling coefficients using the
eigenstates given in Egs. (32) and (33), and the numbers
in the brackets are the corresponding coefficients using
strong-field wave functions as in the calculation in the
text.

Ratio of Coupling parameters relative
radial to the G1}Y () parameter
integrals
Rg:Ry:Ry G (@) GY) () G¥A(w)  Grylw)

Notation a* a’c a’b’ ad®

Set I 1:5:25 1 0.91 0.21 0.08
(0.85) (0. 20) (0.08)

Set II 0:5:25 1 0.66 0.12 0.04
0.62) (0.10) (0.04)

Empirical

parameters 1 0.25 0.025 0.0




|

Experiment

Point charge calculations
-Set I

Infensity

Point charge calculation
-Set I

1 1 ! I
200 400 600 800
w (em™)

FIG. 9. Comparison between experimental sideband
and admixture of odd Green’s functions as predicted by a
point-charge calculation (see text). Sets I and II corre-
spond to values in Table II.

terms in the strong-field limit do not contribute.
Rather the octopole terms are dominant. These
drop off with distance 1/R® and hence little con-
tribution would be expected from neighbors more
distant than the nearest ones.

The coupling parameters’ dependence on the
R;/R, ratio can be seen from Eqs. (42)-(44). For
R¢/R,=0, the T coupling coefficient is a factor
3.2 larger than the T{® coupling factor, and a
factor 5 larger than the one for T,,. As the Ry/R,
ratio is increased to 0.7 the two Ty, coefficients
become equal but still more than twice as large
than for the Ty,.

This calculation is repeated using the eigenstates
(32) and (33) rather than the strong-field approxi-
mation. The results are given in Table II for
certain choices of R,/R,/R, ratios. SetI gives
the parameters for a probable ratio and Set II is
included to show their dependence on the R,/Rq
ratio. The values are very close to the ones given
in brackets obtained in the strong-field case, and
the conclusion that octopole terms predominate is

ONE-PHONON VIBRONIC TRANSITION... 2655

still valid.

Sidebands are constructed using these sets of
parameters and the results are shown in Fig. 9.
This is done for both sets to show that a variation
of the parameters within such limits does not dras-
tically alter the band shape. Considering the
crudeness of the coupling model, the agreement
is considered to be very satisfactory, especially
when small changes in force constants AA and AB
could presumably be introduced to further improve
the fit,

VIII. CONCLUSIONS

In this paper a reasonably successful attempt has
been made at correlating an observed one-phonon
vibronic band with a theoretical calculation based
on the lattice dynamics of MgO.

These results were obtained by using a nearest-
neighbor-coupling interaction. It would be wrong,
however, to conclude from this alone that a short-
range interaction necessarily applies for all 34"

- 3d" vibronic transitions. This is because the in-
teraction, in the case of the Ty (*T,,)~ I';, (*A,,) tran-
sition of Ni®*, may be more strongly localized than
is usual for 3d" -~ 34" transitions. Here octopole
terms predominate. In general, it is more likely
that the dipole terms will give the largest contribu-
tion. On the other hand, this is not to say that a
nearest-neighbor interaction should not still be suf-
ficient to describe other transitions accurately.

The nagging weakness in the theoretical computa-
tion of the sideband is the employment of too numer-
ous parameters. An attempt at evaluating some of
these, namely the coupling parameters, from a
simple point-charge model has been shown to cor-
relate remarkably well with those determined
empirically. Similar success is claimed by Sangster
and McCombie® for a V' transition. However, this
is not repeated in a second Ni?* transition.!” Whether
there is another explanation for the lack of agree-
ment in this latter case or the results in the former
two cases are fortuitous is unclear. It is certainly
difficult to wholly justify the model adopted although
it is analogous to the use of the point-charge model
in static crystal field theory.
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The 1"55,(1ng, tgg eg)—r5g(3Agg, tgg eg) vibronic spectrum is recorded in absorption and emis-
sion—under x-ray excitation—at crystal temperatures of 77 and 5°K. The spectrum involves
up to four phonon processes and a theoretical treatment of such a transition is presented. A
possible explanation of the band is suggested and, by using imperfect-lattice Green’s func-
tions for the nearest-neighbor motion, it is constructed to give excellent agreement with ex-
periment. The transition is forced (electric dipole) by one of the Ty, vibrations of the nearest-
neighbor complex. Additional E, vibrations couple in the higher phonon processes which sug-
gest the presence of a Jahn-Teller distortion in the 1T2g excited state. However, it has not
been possible to establish the presence of such a Jahn-Teller distortion from any other ex-
perimental data. A similar calculation is undertaken for the two-phonon band of the
Do (PTog, 83, €3)-T'5p (CAy,, 15, €2) transition of Ni2* in MgO. Again there is an indication of a
coupling to E, vibrations in the two-phonon process.

I. INTRODUCTION

In Paper I' the vibronic band associated with the
single electronic transition I'y,(*Ty,, t3 €d)-T's,
Ay, t3 e?) of MgO: Ni** is studied and good agree-
ment is obtained between the one-phonon structure
and that predicted by a Green’s-function treatment
of the motion of the impurity ion and its six nearest
neighbors. In this paper the calculations are ex-
tended to consider higher-order phonon processes;
the main focus of attention being 5, (1T, t5, })-

I, (*Ay, t3, e?) vibronic transitions in MgO: Ni®.
In this case both states are well isolated from
other electronic levels and the vibronic band
associated with this single electronic transition
is seen very clearly in emission, weakly in ab-
sorption. A possible construction of the band is
proposed. It is constructed with localized Green’s
functions using semiempirical parameters and
compared to the observed band. A similar treat-
ment for the two-phonon sideband of the I';,— I's,
is presented and a comparison made between the



