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The absorption and magnetic circular dichroism spectra of the 34 2 —'lEg electronic transition
of CdINi?* and Pbl,:Ni’* and of the a*Ty, — b2T),, 24, transition of CdIy:Co?* have been
measured. The spectra show a complicated fine structure caused by the coupling with nonlocal-
ized vibrational modes of the host lattice. The theory of this effect is presented. It is shown
that the observed vibronic structure images the phonon density of states in the Brillouin zone,
modified by matrix elements and selection rules. The contributions of the different phonon
branches (acoustic, Raman, and infrared-active modes) are calculated. The spectra show a
strong anisotropy, which is due to the presence of static dipoles at the anions; the magnitude of
the anisotropy is calculated with use of the polarizable-ion model. The vibronic fine structure is
used to deduce the maxima of the phonon density of states of Cdl, and Pbl,, and to estimate

the phonon dispersion curves.

I. INTRODUCTION

Cdl,, Pbl,, and Col, crystallize in the Cd(OH),
structure, Nil, in the CdCl, structure.! The unit cells
of both structures can be described hexagonally with
the c axis as the uniaxial axis. Both structures con-
sist of slabs 7-M-I, the slabs are interacting only
weakly by van der Waals forces. The metal ion is oc-
tahedrally surrounded by six iodine ions. In the di-
luted systems part of the Cd or Pb ions is replaced by
Co?* or Ni?*.

Optical absorption spectra of the first-row
transition-metal diiodides in the visible and near-
infrared wavelength region exhibit localized d-d tran-
sitions. The pure transition-metal diiodides, especial-
ly Nil, and Col, also show a strong absorption, due
to charge-transfer transitions, which overlap many of
the much weaker forbidden d-d transitions.

The d-d transitions of transition-metal ions substi-
tuted on sites with inversion symmetry are parity for-
bidden for electric-dipole transitions. They become
allowed in optical absorption by means of a coupling
with vibrations of odd parity. In these cases the
zero-phonon transition is observed as a weak
magnetic-dipole transition. The electric-dipole transi-
tions occur as vibronic side bands.

In the literature there are numerous examples of
complicated vibronic fine structures, simple phonon
progressions, and combinations of both phenomena.
The type of vibronic side band that is observed,
depends strongly on the magnitude of the lattice dis-
tortion and of the vibronic coupling. Bron and
Wagner? distinguished four combinations of the mag-
nitude of the lattice distortions due to the ion substi-
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tution and the electron-phonon coupling. A small
lattice distortion and a weak coupling lead to one-
phonon processes, as observed for instance for in-
traconfigurational transitions 4" —4 " of Pr** in
LaCl;.> The observed maxima in this spectrum are
ascribed to singular points in the Brillouin zone of
LaCls, and the spectrum reflects the phonon density
of states of LaCl;, modified by vibronic selection
rules.

For crystals with defects (substituted ions) the in-
fluence of the defect atom on the vibrational modes
should be taken into account. Not only mass defects
should be considered but also changes in the force
constants.*

The crystal-field transitions of the systems
CaO:Ni** have been investigated in great detail.>®
Because Ca’* has been replaced by the heavier Ni2*
ion and the force constants with nearest-neighbor
ions are likely to be reduced, a resonant mode is ex-
pected. Electric-dipole transitions from the ground
state 34 5 (15;e?) to the excited states T, (¢5,¢),
3T15(t35¢) show a number of peaks at the low-
frequency sides of broad bands. These peaks are as-
cribed to a vibronic coupling of the electronic states
with a resonant mode of ¢,, symmetry.

Sangster and McCombie’ have considered the
emission spectrum of the 2E,(3,) —*A4,,(13,) transi-
tion of V2* in MgO. A comparison of the phonon
side bands of electronic transition in MgO:Ni** and
MgO:V2* shows that the bands are very sensitive to
modifications of the modes in the immediate vicinity
of the defect ion. Three localized ¢;, modes were
taken into account; one ¢;, modulates the transition
metal-ligand distance, the second changes the ligand-
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metal-ligand angle and the third is a translational
mode. The response of the lattice to the change of
the mass and the force constants has been evaluated
with a Green’s function method. Only displacements
of the impurity ion and its nearest neighbors were
coupled to the electronic transition. The largest con-
tribution appeared to arise from the localized ¢,
which modulates the metal-ligand distance.

In this article we discuss the absorption and mag-
netic circular dichroism (MCD) spectra of the isocon-
figurational transition 34, (#5,e2) —'E,(tf,e?) in
CdI;:Ni** (Ref. 8) and Pbl,:Ni?* and related transi-
tions in CdI;:Co2*.>1% The spectra show zero-phonon
magnetic-dipole transitions and fine structures due to
vibronic side bands. The fine structure can be relat-
ed to the phonon density of states of the host lattice.
The general theory of the coupling of parity-
forbidden electronic transitions located at the defect
ion, with the vibrational modes of the host lattice is
given. The theory is applied to layered diiodides; the
anisotropy of the coupling is attributed to the vibra-
tional anisotropy of the layered compounds. The
contributions of the various phonon branches in the
Brillouin zone to the fine structure in the spectra are
calculated. Finally, the maxima in the fine structures
are assigned to the maxima in the phonon density of
states, which corresponds to flat regions of the
dispersion curves near symmetrical points in the Bril-
louin zone. Tentative dispersion curves of CdlI; are
estimated from the assignments of the spectra.

II. EXPERIMENTAL PART

Cdl,, Pbl,, Nil,, and Col, were prepared from the
elements in evacuated quartz ampoules at tempera-
tures of 350, 470, 700, and 500 °C, respectively.
Also commercial Cdl, was used after sublimation at
about 450 °C. The solid solutions were synthesized
with the Bridgman technique. A powder of CdI, or
Pbl, was mixed with a small amount of Nil, or Col,,
and put in a small quartz tube. The evacuated tubes
were kept for several days at a temperature of 450 °C
in the case of CdlI, or at 500 °C in the case of Pbl,,
and then carefully lowered through the temperature
gradient. From the ingots it is easy to cut single-
crystal plates perpendicular to the c axis; these plates
are used for recording the axial spectra. In order to
obtain crystal plates with the c axis parallel to the
crystal plane, the samples were embedded in a two
component thermosetting resin (Buehler). The crys-
tals were carefully sawn with a diamond saw. Some
of the crystals were polished with powders, other
crystals were cleaned with an ethanol-wet wash leath-
er. The optical quality of these crystals is less than
that of the naturally cut crystals, used for the axial
spectra.

The 3d-metal ion concentration was determined by
chemical analysis. In the Cdl,:Co?* samples the Co?*
concentration varied from 0.5 to 0.88 mol%. The
CdI;:Ni?* crystal contained 0.1 mol% of Nil,. The
chemical analysis of Pbl,:Ni?* revealed a concentra-
tion as large as 2.0 mol% Nil,. A microscopic study,
however, showed the presence of some dark rings,
probably due to an enhanced local concentration of Ni.

The transmission and MCD spectra were recorded
with a Perkin-Elmer E-1 monochromator. The sam-
ple was mounted in an Oxford Instruments SM 4 cry-
ostat, providing magnetic fields up to 5 T. The tem-
perature was varied from 1.5 to 300 K. The resolu-
tion was about 2 cm™'.

In Fig. 1 the absorption (e, 7 polarized) and MCD
spectra at 4.2 K of the 34,, —!E, transition of
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FIG. 1. Absorption (lower part) and MCD spectra (upper
part) of the 34,, —!E, transition in CdI,:Ni’* at 4.2 K.
The figure gives the optical density (OD) and AOD as a
function of photon energy. The magnetic field of the MCD
is 10 KG. The solid curve is the a- and the broken curve is
the m-polarized absorption.
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CdI:Ni?* are shown. The absorption spectra were
recorded for the configurations a(E Lc, Hie),
m(Ellc,HLe), and o(ELc,Hllc). The MCD spec-
trum was recorded with the light propagating along
the c axis and the magnetic field parallel to the c axis.
The absorption spectrum changes only slightly
between 4.2 and 30 K; above 30 K a broadening is
observed. The observed sharp features with splittings
of a few wave numbers do not correspond to the
known frequencies at k=0 of Cdl,. Striking is the
different shape of the bands at 12441 and 12478
cm~!. Whereas the band at 12441 cm™! is sym-
metric, the band at 12478 cm™! has a long tail to
lower energies. Another remarkable feature is the
sharp cutoff of the spectra at about 12600 cm™.

There is a reduction of the intensities in the -
polarized spectrum as compared with those of the «
polarization. The positions of the peaks in both spec-
tra coincide. An exception is the behavior of the
band at 12 544 cm™!, the intensity of which does not
reduce from « to .

The MCD spectrum consists of temperature-
dependent C terms.!! The band at 12441 cm™ has
an opposite sign to that of the rest of the spectrum,
and is assigned to the zero-phonon magnetic-dipole
transition. A comparison of the linewidth of the
bands at 12540 and 12 544 cm™! in absorption and
MCD indicates that the MCD consists of two contri-
butions of opposite sign.

In Fig. 2 the absorption (« polarized) and MCD
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FIG. 2. Absorption (lower part) and MCD spectra (upper
part) of the 34,, —1E, transition in PbI:Ni?* at 2.1 K. The
figure gives the OD and AOD vs photon energy. The absorp-
tion is a polarized. The magnetic field of the MCD is 40 kG.

spectra at 2.1 K of PbI,:Ni?* are shown. The fre-
quency region is the same as for CdI;:Ni**, and the
fine structure is assigned to the *4,, —'E, transition.
Although a chemical analysis of PbI,:Ni?* crystals re-
vealed a Ni** concentration of 2 mol% we believe
that the local concentration is much lower. The ab-
sorption and MCD signals are much weaker than
those of CdI:Ni?* (0.1 mol%).

The spectra of the Pbl,:Ni** again show sharp vi-
bronic features. The width of the spectrum is about
120 cm™!. Apart from the sharp peaks in the absorp-
tion spectrum, there is a broad background. This
background is not observed in the MCD spectrum;
the background was absent in crystals with a much
lower Ni?* concentration.

o- and m-polarized absorption spectra of Pbl,:Ni?*
showed the same absorption peaks as the a-polarized
spectrum. However, the signal-noise ratio and reso-
lution was bad. The maxima in the MCD spectrum
correspond to the maxima in the a-polarized absorp-
tion spectrum. The band at 12394 cm™! (Fig. 2) has
a MCD sign opposite to that of the rest of the spec-
trum, and is assigned to the zero-phonon transition.

Figures 3 and 4 show the o- and #-polarized spec-
tra of spin-forbidden transitions in Cdl,:Co** (0.88
mol%). A detailed assignment of the CdI,:Co®* spec-
tra is reported in another publication.!® Figure 3
shows the a*T(t5,e2) — b*T1,(t5;e2) transition of
the Co?* jon (d7). The excited state is split by spin-
orbit coupling into two components U, and E;; the
zero-phonon transitions are observed at 15280 cm™
and 15376 cm™, respectively. The irregular pattern
is originating from the phonon density of states of
Cdl,. The spectrum of the E; is a repetition of the
spectrum of the Uy, although it is much weaker. Fig-
ure 3 shows the strong reduction in intensity from o
to 7 polarization.

Figure 4 shows the vibronic fine structure of the

1

0D

- polarized

absorption

T=42K

1 1 1
15300 ~ 15400 15500
.|
Y (em™)

FIG. 3. Polarized absorption spectra of the a*T, — 52T},
transition in Cdl,:Co?* at 4.2 K.
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FIG. 4. Polarized absorption spectra of the a*T; g —24, 2
transition in Cdl,:Co?* at 4.2 K.

a*Ty (t3,e}) —24,(t3,e)) transition. The band at
15669 cm™! is assigned to the magnetic-dipole transi-
tion. The maxima in the vibronic side band of the o
spectrum are broadened with respect to those in the
spectrum of Fig. 3. The sharp cutoff at the high-
frequency side (Figs. 1 and 3), characteristic for
one-phonon processes, is not observed for the 2A‘g
transition. This is presumably due to two-phonon
processes. An additional peak is observed at

15716 cm™'. Whereas the fine structure shows a
reduction from o to 7 polarization, the peak at
15716 cm™! is completely o polarized.

Lists of observed positions of the maxima in the
doped CdI, and Pbl, systems are given in Sec. IV, to-
gether with the assignments to special points in the
Brillouin zone.

III. THEORETICAL PART
A. General theory of vibronic coupling

In this section we discuss the complex problem of
the coupling of the many-electron states of a transi-
tion metal with the vibrations of the crystal in which
the ion is incorporated as an impurity.

The total Hamiltonian for this problem contains
terms representing the electron-electron interaction,
the spin-orbit coupling and the vibronic interaction
between the electrons and the vibrations of the crys-
tal. We consider transitions involving electrons
which have predominantly 3d character. In that case
the electron-electron interaction is strong and should
be treated exactly. The spin-orbit interaction for 3d
electrons is small and can be treated as a perturba-
tion.

In the spirit of the Born-Oppenheimer approxima-
tion the total wave function can be written as a prod-

uct of a many-electron wave function ¥ and a vibra-
tional wave function x (Ref. 12):

W =y( F,,Kk)X(Kk) ’ a

where T and Ry are the coordinates of the electrons
and the nuclei, respectively.

We consider only vibrations of small amplitude

ey e . . =0
around the equilibrium nuclear configuration Ry,
which we assume to be the same for all electronic
states to be considered. The latter is a reasonable as-
sumption for the discussion of transitions between
isoconfigurational electronic states. In this approxi-
mation the vibrations are independent of the elec-
tronic state, and are in the harmonic approximation
characterized by normal coordinates for independent
harmonic vibrations. For an unperturbed crystal the
normal coordinates Qy are delocalized, and are
characterized by a wave vector k (i denotes the vi-
brational branch number). For a crystal containing
an impurity ion one distinguishes delocalized modes
Qu, derived from the normal modes of the unper-
turbed crystal, and local (gap) modes Q;*. The nor-
mal coordinates Qy; are similar to those of the unper-
turbed crystal, except for the immediate vicinity of
the impurity atom.

We consider an optical electric-dipole transition
between two electronic states a and b ; the transition
moment for light polarized with the electric vector in
the B direction, is given by

ma%=<lllaxa ;mp( f'x)"llbxb> , 2

where mg( T';) are the components of the electronic
dipole operator M =e T';. The electronic transitio_t}
moments for a fixed configuration of the nuclei R is

PA(RY) =<¢,,( F,Rp) };m,,( r,.)l e R’,,)>
@)

For a d-d transition of a transition-metal ion at a
site with inversion symmetry, PJ vanishes for the
equilibrium nuclear configuration. Therefore, in or-
der to obtain a nonvanishing transition probability, it
is necessary to consider first-order terms linear in the
nuclear displacements.

For a transition-metal atom in an octahedral coor-
dination it is expected that the vibronic coupling will
be predominantly with ¢;, local displacements of the
octahedron of ligand atoms, which modulate the
metal-ligand distance.” 1314

If only the interaction with this type of displace-
ments is considered, we obtain in first approximation
for the vibronic interaction

H,= S AU (T -+ Thgly @
P
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where g, is the amplitude of the #,-type displace- linearly on the local amplitudes g,
ments with components p=0, +1. 8 _ o
With these assumptions it is possible to evaluate Pq sz“ a-» (5)

the electronic-transition matrix elements P4 with
perturbation theory, treating the spin-orbit interaction
H,, and the vibronic interaction H, as small perturba-

The local distortions can be decomposed into normal
vibrations of the crystal:

tions. These matrix elements are quite complicated ao=2 2 560u+ 280, . (6

for the many-electron wave functions involved, and ki !

can be evaluated with use of the irreducible tensor The absorption coefficient a(w) for a transition a —b

method!® (Sec. III B). at low temperature, when all phonon modes (ki) are
The electronic-transition matrix element depends in the vibrational ground state n,; =0, n; =0 is given by

J

agle) =c 2 [% El(nk1=0|P£,'nk,=1>|28(w=wo +wy) +2| (m=0lP8|n=1)|%(0=wo+w,)]| , @
i 1

a—b

where cis a constant, 8 gives the polarization direction of the light, and the summation is over all components of
ground-state a and excited electronic state b. The frequency w, corresponds to the zero-phonon energy separa-
tion of initial and final state. Using (n =0|Q|n =1) = (#/2w)'” for a harmonic oscillator of frequency w, one
obtains

ag(w)=c 3 3 (BE)*(BE)| 3= (SE)*(SE)o(w=wo+wr) + S=—(SH* (S )s(w=wp+w) | - ®)
a=b W 20k I 20
[
From this expression the shape of the absorption mechanisms through which the transition may be-
spectrum can be calculated, if the coefficients S§ and come allowed. With use of the pertubation theory,
S/ are known. the relative importance of different processes can be

estimated by comparing the energy denominators,
which appear in the expressions for the transition
probability. As a result of the relative closeness of
the 'E, and the T, and 3T, states we have limited
our calculations to the two processes depicted in Fig.
5. If one assumes that the dominant part comes

B. Theory of the 34 2 —'lEg electronic transition
of Ni2* in an octahedral coordination

In this section we consider the electronic transition
344, —'E; of a Ni?* ion in an octahedral coordination From 1. vibrati < ob f Nit
of ligand ions. Both the ground-state 34 2¢ and the rom £y, vibrations, as is observed in other Ni*" sys-

excited-state lEg are derived from the same strong- tems,”'“.tpe intermediate states'JI‘ u yill ?e 3T,2“‘
field configuration t§;e2. Thus the 34, —'E, transi- T_he transition moment for coupling with °T, is
tion is isoconfigurational. One expects only a weak given by
electron-phonon coupling, and no appreciable
Franck-Condon effect.

The 34,; —E; transition is allowed as a magnetic- -1
dipole transition through spin-orbit coupling of the H.
excited state with the 3T, state. For low magnetic €5 - '€
field (gupH << kT) the magnetic circular dichroism

(MCD) is proportional to!! ,
Eb(aluzia>(|(a|#+|b)|2—l(aIpL_Ib)IZ) ()] T 1 R Pa o Ta

where . and u + are the magnetic moment opera-
tors. The summation is over all components of
ground and excited state. For the 34,, —!E, magnet-
ic dipole transition a negative MCD signal is calculat- I S 4 I .
ed. . o

In the case of spin- and parity-forbidden electric- FIG. 5. Vibronic and spin-orbit coupling mechanisms,
dipole transitions the spin-orbit coupling and the vi- which make the 34,, —!E, transition in Cdl,:Ni?* electric
bronic coupling together provide a number of dipole allowed.
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(T2 CArg)yv(arg)mgl E,('E) y'v(t1,)7)

1
E(3T23) —E(3T2u)

= 2 2 2 (T23(3A25)7|mﬂ|3T2uMsK> (3 TZuM;K'AU:,h‘ |Eg(3TZg)'yl>

s P

1

3 flu |3 3 3 ’
+ (T CAzg) Y| AU, PTouMiyi) CTouMsk | mgl EgCTag)y') E(®43) —ECTy)

(E (3T23)7 |H.le (IE )'Y )(alg"|4—p |t1u7>
E(IE) E(3T2g)

(10)

The states are labeled by their O, double-group representation, within brackets the O, representation. Vibra-
tional states are indicated by v(a;,) and v(t,,) for ground and excited state, respectively (low-temperature ap-
proximation with only the lowest vibrational level of the ground-state populated). By use of V coefficients the
coupled functions T5;(345,)y and Eg(3ng)y’ can be expressed in the uncoupled functions.!’ Integration over
the spin coordinates and by using the Wigner-Eckart theorem make it possible to express the result in terms of V
coefficients and reduced matrix elements. The V coefficients for the complex trigonal component system are
given in Ref. 15. The result is

Ay Tig T2,] [ng T\, E

T 3A 1 ! = -—L . ’ it B
(T2 CArg)yv(aig) mgl E,(CE) y'v(ty,)7) %; \/GV . M, —y 14 i M, _yle,,, M, 11)

where we have used the fact that the matrix element of the spin-orbit coupling operator is %C’\/E and

My=0'(CAzlIm|PT2y) CToul AU P Tog) /AE,
+ <3A23HAU‘1“H3T2,,) CToullm|3Ty) /AE) <alg“qt1u||tlu>/AE3 , 12)

with
AE\=EQTy) —ECTy), AE,;=EQCAy)—ECTy), AE;=E(E)—E(Ty) . (13)

The expressions obtained for coupling with the 3 T, are

2g Tlg TZg Tlg Tlg g Tlg Tlu T2u
(Tae( Azg)yv(alg)c|mB|E( E, Dy v(t,)r)= 22 [ ]V{ A4 i B 7 M, (14)
S S
with
My =0 {4l | m| P T2} CTol |AU | PTy) /AES
+ Cog |AU™|PTo) CToullmPTig) /AES) (argl 1|1 1, /AES (15)
[
and lowest Zeeman level is the 34 2¢ — 1 component, the
, 3 3 , ) 3 sign of the MCD is easily calculated; it is found that
AE{=ECT) —ECTy), AE;=E( Eg) —ECTy) . coupling with 3Tlg results in a positive MCD signal,
16) coupling with T, in a negative MCD signal. The
observed positive MCD signal for vibronic side bands
The calculated transition intensities for the com- indicates that spin-orbit coupling with 3Tlg dom-
ponents of the 3Azg -—'lEg(tl,,) transition for different inates, which is not surprising in view of the small

polarizations are given in Table I. Knowing that the energy difference between 'E; and the 3T, state.'
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TABLE I. Transition intensities for the 34 2% —'1Eg(t1,,) transition. The numbers in brackets
give the component of the #;, vibration involved in the transition.

Coupling with 3Ty,
(in units of 4 =M} /324)

Coupling with 37T,
(in units of B =M%/108)

VE, +1 1E,—1 1E, +1 1E,—1
m
5 4(0) AG+1) B(0) B(-1)
A3 0 44(-1) A(0) 0 B(0)
+1 A(+1) 44(-1) B(-1) 0
m_
-1 44(+1) A(=1) 0 B(+1)
A3 0 A(0) 44(+1) B(0) 0
+1 A(=1) 4(0) B(+1) B(0)
mo
-1 A(=1) 44(0) B(+1) 0
342, 0 A(+1) 4(=1) B(-1) B(+1)
+1 44(0) A(+1) 0 B(-1)

C. Vibronic coupling in Cd(OH),-type
layered compounds

In this part we discuss the lattice vibrations of crys-
tals with the Cd(OH),-type structure, and the vibron-
ic coupling of these vibrations with electronic transi-
tions at an impurity ion.

The unit cell of the Cd(OH),-type structure con-
tains two anions and one metal ion. A factor-group
analysis yields nine normal modes Q; at k =0 (Fig.
6). Three modes are acoustic modes, transforming in
D3, symmetry as E, and 4,,. The three infrared-
active modes also transform as E, and 4,,. The Ra-
man modes are characterized as E; and 4,,. The E
modes have atomic displacements parallel to x and y,
the 4 modes displacements parallel to z.

For a proper analysis of the vibronic coupling the
normal vibrations of the crystal as modified by the
impurity ion should be used. This requires solving
the full dynamical matrix of host lattice plus impurity
ion. An analysis of this type has not been given so

e

c axis Al Ey

translation infrared active Raman active

FIG. 6. Nine normal modes at k =0 of the Cd(OH),
structure.

far, and explicit expressions of the normal modes are
not available. In this section we will employ a highly
simplified model of vibrational modes. In the first
place we neglect the specific influence of the impurity
ion, i.e., we assume the same vibrations as for the
pure host crystal. This corresponds not only to
neglecting local modes and gap modes, but also to
neglecting local modifications of the normal coordi-
nates in the vicinity of the impurity ion. Secondly,
we assume that the nine phonon branches do not
mix. This is a very crude approximation, which is
certainly not valid at points in the Brillouin zone
where branches are close to one another. Finally, we
consider only vibrations within one MI, slab, i.e., we
neglect dispersion of lattice vibrations in the direction
parallel to the c axis.

The local amplitudes of the metal W, and of the
iodine atoms U, and T’ are

uff =33 CiQue < T, a7
k i

ul* =3, 3, Caoue™* T (18)

ury = % ;C:,iQkie“r'F , (19)

where I = n,a1 + n,2, denotes the two-dimensional
unit cell, « describes the Cartesian x, y, and z axes,
M is the mass of the metal ion and m is the mass of
the anion. The assumptions correspond to using k-
independent coefficients C; the k dependence of the
displacements is restricted to the phase factor e~k " T,
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_The coefficients C are readily calculated from the
k =0 modes. For the acoustic modes (i=1-3) we
obtain

Cin=Cf=Ca =N (M+2m)712 . (20)

For the infrared modes (i =4 —6) the coefficients
are

Ca=N""M"1/M +1/2m)]17/ ,
(21
Ci=Cp==N"2m™1/M +1/2m)]17/

The Raman modes (i =7 —9) have coefficients

Cﬁi =0 s
(2)
Ch=—Cp,=N""02m™" .

In these formula N is the number of unit cells per
unit volume.

In the previous section we emphasized that the
modulation of the metal-ligand distance is mainly
responsible for the coupling of the vibrations with the
electronic transition. The next step is to write the
three components of the local distortion ¢, of the
Nilg*~ octahedron in terms of atomic displacements
of Ni?* and the six ligand iodine ions. Then, using
Egs. (17)—(22), it is possible to derive expressions
for the local ¢, distortion of the Nil¢*~ octahedron in
terms of the normal coordinates of the crystal. In
this way the coefficients S of Eq. (6) are calculated.

The site symmetry of the Ni?* jon in Cdl, and Pbl,
is not octahedral, but rather D;,. As the trigonal
field is small its influence on the electronic states can
be neglected, and the electronic states can be labeled
according to their O, representation. On the other
hand, it is well known that the influence of the trigo-
nal field, especially the influence of the static dipoles
at the iodine ions, on the vibrational frequencies and
oscillator strengths is appreciable.!”'® Therefore, a
localized t;, distortion should-be decomposed into
a,,- and e,-type distortions (site symmetry D ).
The p =0 component of #;, corresponds to a, and
the p= +1 components to e,. It is expected that this
anisotropy will lead to different vibronic coupling
strengths for #,,(0) and #,,(+1). Hence, we intro-
duce a factor g which expresses this anisotropy of the
coupling:

CTouMk| AU Ty oM,j) « (Tl IAU | PT,,)
for p=0 ,
(23)
CTuM| AU PTigM,j) « g (PTa ) |AU™|3T,,)

forp==+1

The result is that all transition moments which in-

volve a t;,(+1) component (Table I) are multiplied
by a factor g2

To illustrate the effect of the anisotropy we calcu-
late_‘first the absorption coefficients ei(Ellc) and
€,(E Lc) for the hypothetical case of a single isolated
octahedron Nilg*~ with the static dipoles fio(ll ¢) at
the iodine ions. The dipoles cause a splitting of the
t, vibration into two components a,,(wy,q) and
e,(wy,q+1), respectively. The ratio €, /¢, for cou-
pling with 37, and 3T, can be calculated from the
transition moments given in Table I, including the
factor g:

e/en=(5g2+1)/(2g* +4) (24a)
for coupling with 377,
er/e=(g2+1)/2¢* (24v)

for coupling with 3T,. In Appendix A we will show
that the modulation of the crystal-field potential pro-
duces an anisotropic coupling with g2 >> 1. There-
fore, the fact that the a-polarized spectrum is more
intense than the m-polarized spectrum indicates that
the coupling of the !E, occurs mainly with the
E,(3T),) state (Fig. 7). The theoretical ratio €,/¢ is
2.5 (g2 >>1), in very good agreement with the ob-
served ratio 2.4. This is also consistent with the ob-
served positive MCD for the vibronic side band (cou-
pling with 3T, gives a positive, coupling with 3T, a
negative MCD signal).

The evaluation of the MCD sign and dipole
strength of the a*Ti, — b2Ty,, 24}, transitions in
CdI,:Co?* is less straightforward, because there are
four possible ungerade intermediate states, which
couple the b*Ty, states with a t;, distortion.!°

We are now in a position to evaluate the separate
contributions of the modes in the Brillouin zone (Fig.
8). We have calculated integrated intensities and the
separate contributions of the modes as a function of
K for the high-symmetric directions in the Brillouin

Coupling with °T, Coupling with *Tp,

(3)e? le*
b & 3
15
wy Wrw Ghrey Wy Wyt Wy G &y
2
& %o 4 & .
9
W W oy @ Gt Wy

FIG. 7. Diagram showing the relative contribution of
a,,(w)) and e,(w,) vibrational components to the
34 2 —'lEg transition in CdI:Ni?* for light polarized parallel
(¢) or perpendicular (e;) to the trigonal axis.
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FIG. 8. Brillouin zone for the hexagonal Bravais lattice
with symmetry lines and points, labeled according to the

standard notation. For Mk = (0,%,0), for Kk = (%%,0).

zone. The quantity

AB=33(SE)*SE 3 (BE)*BE ©5)
LrY

a—b

describes the contribution of one particular mode i
with wave vector k to the absorption coefficient.
The contributions to the intensities of the polarized
spectra, Ellc and Elc, are 4)j=49 and A2

= (44+45"). For coupling with °T, we find
from Table I (with 4 =M?/324):

Ajj=24 g22|s,3\2+(4—g2)|s,212] ,
p

(26)
A=24

%g22|s,s|2+<1—§g2)|s,2|2] .
P

The total contribution of the acoustic modes
(i=1-3) to the polarized spectra is obtained from
the explicit expressions for S§

44 (4+2gY)
oy gl gl
datdetde =ygoro

x [(1 —cosk - 3;)?+ (1 —cosk - 72)%] ,

(X))

44 (1+5g%)
L oaglaogl
Ai+A+ A NCM £2m)

x [(1—cosk +a7)2+ (1 —cosk - 3)?] .

(28)
@, and T, denote primitive translations. These equa-
tions can be integrated in order to obtain the total ab-
sorption due to the acoustic modes in the 7- and a-
polarized spectra:

124 (4 +2g?)

Ag= g(Allll + A +Ad) =T (29)
124 (1 +5g%)

A= E(AIELI +Ah +A4B) = W 30)

The results for the infrared modes (i =4 —6) are

44 (4+2g%
A 4N 4 =
ke TS TR TN (UM +1/2m)
2
1 1 1 1 =
X M+2m + M+2mcosk a1]
1,1 ?
+ = +=——cosk - 7"
i 2mcosk a2”, (31
44(1+5g%
L4 gL L _ A TIE )
A +Ais + Ak = T )
2
1 1 1 1 -
x [|-== +=——| +|=—= +=—cosk -
v + i 2mcosk 31]
2
+L+—l—-cosl'€-§'2 . (32
M 2m

The total absorption due to the infrared modes is
given by

44(4+2gY) | 3 1 1
Al = = + :
T /M+12m) | M2 2m? mM G3)
44(1+5¢) | 3 1 1
A = — + +
UM 2w [ 2 M (34)
The Raman-mode contributions are
24 (4 +2g2 — -
AL + 4% +4d =—~(———2—5—)—(sin2k T +sin?k - 3,)
Nm
393
24(1+5g? - ~
Akl7 +Aklg +Akl9 = —L———g-—)—(sinzk . 2—1.1 +sin2k . 52) .
Nm
(36)
The total absorption due to the Raman modes is
2(4+2g%)4
Al = 2842604 37
m
2(1+5g%)4
Al{aman = LTg_)— . (38)

The integration of every branch yields the same ra-
tio A"/ At= (4 +2g%) /(1 +5g2), as stated before.

In order to estimate the effect of the mass substi-
tution of Ni2* in CdI,, Pbl,, and Co?* in CdI, we
evaluate the relative contributions of the acoustic,
Raman, and infrared modes. The relative contribu-
tions are the same for the a- and m-polarized spec-
trum, and depend only on the ratio M/2m. Figure 9
shows the result of this calculation. It is clear that
the infrared modes are mainly responsible for the in-
tensity in the spectra. However, an increase of the
metal-ion mass leads to a strong reduction of the
infrared-mode contribution and an enhancement of
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FIG. 9. Contributions of the acoustic, Raman, and in-
frared mode branches to the intensity of the vibronic side
bands of the 34,, —!E, transition in Nil,, CdI:Ni?*, and
Pbl,:Ni2* as a function of M/2m.

that of the acoustic modes. The Raman modes ap-
pear rather weakly in the spectra.

Maxima in the absorption are expected from flat
regions at symmetry points in the Brillouin zone,
where we can sum over a large number of K values
in a narrow frequency range. We have calculated
Ag(i=1-9) as a function of k for I — M and
I'— K. In Fig. 10 the contributions of the acoustic
and Raman modes are shown. Transverse or longitu-
dinal modes are indicated by the T and L, respective-
ly. In Fig. 11 the infrared-mode contributions are

" 1
Akl
19
0 T7 _
M r K
A“
ki
10F 72
L2
T3 -
3
L
0 T
M r K

FIG. 10. Contributions (for g2 >> 1) of the acoustic
modes i =1—3 [lower part; in units 24g2N~"/(M +2m)~']
and Raman modes i =7 —9 (upper part; in units
24g>N~'m™) as a function of k; A= %A,ﬁl

n
Aki
4010
-
=~
+0.05
(s LN 5
Pbl,
CdI, From—e. T6 T6_
Ni T R v _4_,_..-_~'_——————_000
2 M r K

FIG. 11. Contributions (for g2 >> 1) of the infrared
modes i =4 —6, as a function of k, calculated for
Nil,(——-), Cdly(- - - -), and Pbl,(—); A4 =34} (in
units 24g2NoN~1; Ny is Avogadro’s number).

shown; it is necessary in this case to include explicitly
the masses of Ni, Cd, Pb, and .

From I' — M the acoustic mode T1(llx) and the
Raman mode T'7 do not give rise to any absorption.
Figure 11 illustrates the small contribution of
T6(ll z)-type modes for Nil,, Cdl,, and Pbl,. In the
latter compound the absorption is much weaker than
in the others. The difference between absorption due
to the displacements in the X, y, and z direction,
respectively, is the smallest in Pbl,.

IV. DISCUSSION

In previous sections we have shown that the maxi-
ma of absorption due to one-phonon electric-dipole
transitions are expected to correspond to maxima in
the phonon density of states of the host crystal. In
this section we will assign the observed maxima to
phonons corresponding to specific points in the Bril-
louin zone.

The phonon frequencies of Cdl,, Pbl,, Col,, and
Nil, are given in Table II.'¥722 The Raman frequen-
cies of Col, and Nil, are not known; the frequencies
given in Table II are those reported for VI,; these are
probably not very different from the frequencies of
Col, and Nil,. The phonon frequencies of Nil, and
Col, are presumably reduced in Cdl:Ni?* and
CdI,:Co?*, due to smaller force constants and larger
induced static dipoles at the iodine ions.!” Therefore
we do not expect that the incorporation of Ni2* and
Co?* in Cdl, leads to local modes. The optical fre-
quencies of Nil, and Pbl, are quite different, but be-
cause the effective ionic radius of Pb2* (1.18 A) is



50

S. R. KUINDERSMA et al.

TABLE II. Experimental optical frequencies (E=0) in units of cm™! of Col,, Nil,, Cdl,, and

Pbl,. The references from which the data were taken, are given.
Optical
modes Col, Ref. Nil, Ref. Cdl, Ref. Pbl, Ref.
ETO 152 156 79 52
22 18 20 20
E,}O 175 176 132 108
A70 185 178 136 96
22 18 20 20
A0 191 184 152 121
E, ~90 ~90 44 74
19 19 21 21
Aig ~115 ~115 112 96

much larger than that of Ni2* (0.700 &), force con-
stants will be strongly reduced in PbI,:Ni?*,
" For the assignment of the maxima in the vibronic
spectra the compatibility relations are indispensable.
These relations show how the space-group represen-
tations of the branches in the various directions of
the Brillouin zone are connected. The compatibility
relations for the Cd(OH), structure, space group D3y,
calculated with help of the character tables,?* are list-
ed in Table III for a number of symmetry lines and
points.

Because phonon dispersion curves of Pbl, have
been calculated?"?* and partly measured,?*?’ we be-
gin to assign the maxima of the spectra of the

3424 —'E, in PbI;Ni?* (Fig. 2). The weak band at
12394 cm™, which has a MCD sign opposite to that
of the vibronic side band, is assigned to the zero-
phonon transition. According to the overall positive
MCD signal the main contributions arise from a e,-
type distortion (Table I); the coupling with a,, would
give a negative MCD. The positions of the maxima
of the vibronic side bands, relative to the frequency
of the zero-phonon band, are listed in Table IV. The
maxima are assigned to space-group representations
corresponding mostly to M and K points in the Bril-
louin zone. The listed experimental (neutron scatter-
ing) and calculated frequencies are obtained from
Dorner,? Prévot,”” and Frey,?! respectively. Estimat-

TABLE III. Compatibility relations of the Cd(OH), structure. The points and lines in the Brillouin zone are given in stand-
ard notation, together with the appropriate factor group and the degeneracy of the star of k. For clearness’ sake the point-group
representations are given. The mode numbers are those given in Sec. IIIC.

Point or line r 3 M T K T r A A
Point group Ds, Cin Cop C, D; C, Ds, Cs, Dsy
Degeneracy 1 6 3 6 2 6 1 2 1

Mode 1,4 A~ A, A A"
B -t == E E,

2,5 Al B, B A’
3,6 Ay A’ B, B A, A’ Ay, Ay Ay

Mode 7 A’ Ag A A’
E— - < g E E,

8 \ Au Bg B AII
9 Ayg A Ag A A A’ Agg 4, Aig
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TABLE IV. Assignments of the maxima of the 34 2% -'lEg transition of PbI,:Ni2* to vibrational
modes listed according to their space-group representation. The corresponding point-group
representations of D;4 are also given. A comparison between the relative positions in the vibronic
spectrum with respect to the zero-phonon band (vo=12394 cm™!) and experimental (Refs. 26 and
27) and calculated (Ref. 21) phonon frequencies of Pbl, is made.

Relative Space-group Expt. (*) or calc. Point-group D3,
position (cm™) representation frequency (em™) representation
22 L, E,+4,,
K, 0" Ag+Ay
28 M, 29* E,+4,,
44 K; 45* E,+E,
49 M, 50* E, +4,,
54 K, 54 Ay +Ay
M, 56* E,+4,,
69 K, 66 E,+E,
As 68 E,
M, 71* Eg+A,
M; n* E,+4y,
80 K, 78 Ag+4yy
M, 83 Ag+E;
91 Aq 91 A
110 ELO3, E,
w = 104 “
ELOT, E,
117 A104A, 118 Ay,
M, 119 E,+4,,

ed errors amount to a few wave numbers. The
agreement between the positions in the spectrum
PblI:Ni?* and the experimental and calculated fre-
quencies of the modes in Pbl; is good.

Due to the low frequency of the EJ° mode (52
cm™!) and the strongly reduced nearest-neighbor
force constants, the low-energy part of the spectrum
is enhanced in intensity. As the main contributions
arise from the E, modes (positive MCD signal), the
peak at 22 cm™! should be assigned to L4, because
K,(A422) would produce a negative MCD. The
mode frequency at L4 is not known, but can be es-
timated from the acoustic mode at M and 4,2! which
have frequencies of 29 and 14 cm™!, respectively.

The bands at about 69 and 80 cm™! are weak;

although the contribution of the Raman modes at
point M was calculated to be zero, some intensity
may be obtained on the X line, where mixing of
ungerade and gerade modes is allowed. Surprisingly
large is the peak intensity at 91 cm™'. We do not
understand the large intensity of this mode; the fre-
quency corresponds to an 4, mode at the I' point.
The vibronic bands of the 34,, —!E, transition in
CdI:Ni** are shown in Fig. 1 and Table V. The
weak band at 12441 cm™' was assigned to the zero-
phonon transition. The vibronic frequencies obtained
from the CdI,:Ni%* spectrum are compared in Table
V with the frequencies obtained from the CdI,:Co?*
a*Ti(E}) = b2T, (U, E;) transitions (Fig. 3). The
absorptions at 15280 and 15376 cm™! were assigned
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TABLE V. Assignment of the maxima in the vibronic spectra of Cdl,:Co?" for the transitions a*T)z(E;) — 52T, (U) (v,
=15280 cm™)), a*Ty,(E;) —b2T1,(E;) (vo=15376 cm™), and of CdINi?* for the transition 34,,(T,,) —'E,(E,) (v,
=12441 cm™!). Positions of the vibronic maxima are given (in cm™!) relative to the zero-phonon origin V.

Cdl,:Co?* CdINi2* Space-group Point-group D3,
vo=15280 vo=15376 vg=12441 representation representation
L, E,+A,,
K, Ay Az,
35 e 37 K; E,+E,
M; Ep+4;,
60 64 59 M, E,+Ay,
(M) Eg+Ay,
68 72 67 K, E,+E;
78 79 M, E,+ A1,
76 EJOA, E,
87 89 K; E,+E,
M, E,+4,,
107 108 99 K, Ay, tAy,
(M) Ay +E,
M. A,, +E,
112 112 103 ¢ T
K2 A 2u +A4 2g
129 129 117 K; E, +E,
M, E,+4,,
138 138 131 ELO3, E,
ELoT, E,

to the zero-phonon transitions. The two transitions
are intraconfigurational transitions within the strong-
field configuration #3,e?.

The phonon dispersion curves of CdlI, are not
known. Calculations are not available, and the ex-
perimental determination with inelastic neutron
scattering is hampered by the large neutron absorp-
tion of Cd. We have used the observed maxima of
the vibronic spectra to estimate the phonon disper-
sion curves of Cdl,. For this purpose we have used
the frequencies of the zone-center modes (Table II),
the compatibility relations (Table III), and also the
comparison with Pbl,. An important difference
between the phonon branches of Cdl, and Pbl; is
caused by the reversal of the EJ© and E, frequencies.

From these considerations the vibrational branches

of CdI, have been deduced, as shown in Fig. 12. The
assignment of the observed maxima is given in Table
V. Weak absorptions due to acoustic and Raman
modes are observed only in a few cases. Those
modes at the M point which have been calculated
zero are put between brackets (fifth column of Table
V). A possible peak at 99 cm™! in the spectrum of
the a*T1,(E;) —bT1,(Uy) transition is overlapped
by the zero-phonon band of the 52T,(E;) transition.

The correspondence between the spectra is remark-
able, and it shows indeed that the host lattice Cdl, is
responsible for the observed fine structure. The
spectrum of the a*Tj, —24,, is broadened and
presumably also shows contributions of two-phonon
processes (Fig. 4).

As shown by the calculation in the previous section
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FIG. 12. Dispersion of the acoustic and optic branches of Cdl, as deduced from the vibronic fine structure of the 34 2 —*1Eg

transition. The numbers indicate the space-group representation.

-

a reduction of the intensities from « to # polarization
of about 60% is expected for the 34,, —'E, transi-
tion, if the coupling of 'E, is mainly with the 3T,
state (Fig. 1) and the vibronic coupling is due to the
e, component of the #, distortions. A positive MCD
is calculated in this case as is observed for the entire
vibronic spectrum of the 34,, —'E, transition. An
exception is the band at 12 544 cm™~! which does not
reduce in intensity from « to 7 polarization. This
band is assigned to a mainly 4,,-type vibration. For
a pure Aj,-type contribution, an enhancement of the
intensity by a factor 4 from a to 7 polarization is ex-
pected. We remark that the selection rules are not
strictly valid; at arbitrary points in the Brillouin zone,
mixing of all vibrational modes occurs, and this will
lead to (small) contributions of other modes to the
vibronic side band.

The *T1, —24,, transition shows a very narrow o-
polarized band at 47 cm™! with respect to vo=15669
cm~!. The origin of this peak is not clear; it could be
related to a local mode.
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APPENDIX A: MODULATION OF THE CUBIC
CRYSTAL-FIELD POTENTIAL BY
A ty, VIBRATION

In order to calculate the matrix elements of the vi-
bronic coupling operator (31T, | U|>S*IT,), the
change of the crystal field due to ¢, vibrations has to
be evaluated. For this we use the polarizable-ion
model in which the metal ion has an effective (Szi-
geti) charge +2Z and the anions a charge —Z; the
electronic polarizability of the anions is a.

The matrix elements contain wave furlgtions which
are defined with respect to the position R, of the
central metal atom:

UL (TR [U(D)PHT(F—Ry)) . (AD

-—

We define a coordinate T which gives the position
of ’the eleggron with respect to the cation nucleus:
T = —Ry. We consider contributions to U( ")
from the charges Z; and the induced dipoles m; on
ligand ions i Only nearest neighbors are considered
(i=1-6).

U(r)=2 Zi‘i. +2m, (r_.Rl)

TIT-R,| T |IF-R/?

We evaluate the change AU caused by small displace-
ments 4, and Uy, of the nuclei from the equilibrium
positions R; and Ry

(A2)

Rla=Rl(()x +uia » RMa=RAOIa+uMa ’ (A3)
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with a=x,y,z. We choose the equilibrium position of
the central metal ion as the origin, which means that
RY, =0 and Ry = tipro. Equation (A2) is now ex-
panded and the terms linear in the displacements are
retained. There is a term in AU which arises from
the change of the induced dipole moments by_’the vi-
bration. The total induced moment is M; = «E;
where E; is the total electric field at ligand i, position
R,. The field E, is also expanded in small displace-
ments of the nuclei, which results in an extra contri-
bution to AU. From this term and the expansion of
Eq. (A2) we obtain for a #;, vibration

AU(F +Rp) = 3 3 Graltha—tinra) , (A4
i a

where | we hgve substituted Z;,=—Z and Zyy=+27Z

and |R;| =Ro. Ignoring terms with (u;,— ;o) Which

do not contribute to a #;, vibration, G;, is given by

G = Ze(r,’,—R,-?,,) _ Miq
“IF-RP O IT-RIP
+3 3mg(rg ——.Ifi?al(o’; —R%)
B ll” —Ri|5
' _po 0RO (,/ _ PO
_2Zea(rla _‘Igm) +6Zea2R"’R'B(fB _‘ftﬂ) .
R} T -R/P? g RgIT-R;IP

(A5)

The function Gi.( T') is now expanded for small

values of T and only terms linear in ' are retained.
The Gi, terms may then be calculated by substituting
values of the coordinates R and the dipole moments
mio. The displacements u;, and uy, are transformed

to the ¢, normal coordinates go and g +;. The result-
ing expression for the modulation of the crystal field

due to a #, vibration is

AU =Cr/qo+8C(wrlq +wirig-y) , (A6)
with

C=%‘g/—g 1——%’(;;]; w=exp(3mi) ,
and

g=1+3222£ 1—(4L/R8 '

An anisotropic coupling results, if g deviates from
one. This anisotropy is due to the static dipole mo-
ments mp at the iodine ions and is independent of the
magnitude of the charge Z (my is proportional to Z).

With use of the values of Nil,,'® Cdl,," and Pbl,,"’
for the parameter a, g is calculated as —8.35 for Nil,,
+6.49 for Cdl,, and +7.59 for Pbl,. This shows that
the coupling is very anisotropic in these cases, with
stronger coupling to the e,(#,, +1) modes than to the
a,(11,0) modes.
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