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Vibrational structure of crystal-field spectra in layered 3d-metal dihalides
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The vibrational structures observed in the absorption spectrum associated with the crystal-field transitions in Mn,
Fe, Co, and Ni dichlorides and dibromides are studied in detail at 5 K. The choice of these crystals is motivated by
their appreciable molecular character resulting in a small dispersion of optical branches and hence in the appearance
of relatively sharp phonon progressions in the crystal-field spectra. Most of these phonon structures are replicas of
Raman-active A,g and Eg frequencies and readily interpreted in terms of many-phonon processes induced by the
first-order linear electron-phonon interaction. Furthermore, in Mn and Ni dihalides some intraconfigurational
transitions display interesting two-phonon progressions which are attributed to the second-order linear electron-
phonon interaction. The q = 0 phonon frequencies of even symmetry, deduced from vibronic or Raman spectra, and
those of odd symmetry, measured by far-infrared transmission, are interpreted in the framework of. a deformation-
dipole model. Information on the partial covalency of these compounds and on the magnitude of three-body
interactions is derived.

I. INTRODUCTION

A great success of the spectroscopy of transi-
tion-metal ions was the explanation of the complex
absorption structure occurring in the near infrared
and visible regions in terms of transitions between
d levels as split by the crystal field of the sur-
rounding ions. ' The position and the intensities of
the main pepys occurring in the crystal-field spec-
tra were in most cases easily associated with
purely electronic transitions, provided that all the
possible mechanisms for the splitting of d multi-
plets, such as spin-orbit interaction and low-sym-
metry fields, are taken into account. The exis-
tence of a ligand field, i.e. , the dependence of the
metal-ion electronic energy on the position of the
neighbor ions, implies an important electron-pho-
non interaction. Several of these metal ions, ei-
ther in molecules or in crystals, display static
Jahn-Teller coupling. ' ' Dynamical Jahn-Teller
effects are also in evidence in the ground-state
splitting of ferrous halides. '

Much of the fine structure actually observed in
the crystal-field transitions is likely to be related
to dynamical Jahn-Teller coupling. However, the
most evident and primary effect of the electron-
phonon coupling is represented by the multiphonon
fine structure forming the various bands observed
in absorption or emission spectra. Their recogni-
tion as pure phonon sidebands, rather than true
Jahn-Teller induced vibronic features, is based
on the observation of repetitive patterns whose
spacing corresponds to some optical mode of the
lattice. This procedure, well established for mol-
ecules, can be extended to crystals but not in so

straightforward a fashion. Since we deal wxtn

transitions which are electric-dipole forbidden in
the free ion, the basic transition with which the
multiphonon sideband is associated is phonon as-
sisted (exciton-phonon transition} or magnon as-
sisted (exciton-magnon transition). Unlike the
molecules, the phonons providing the dipole in
crystals form a continuum. Thus the peak corre-
sponding to a phonon-assisted transition has a
width comparable to the dispersion of the polar

. phonons (the exciton dispersion being neglected}.
Usually this constitutes a severe limitation to

the detection of resolved phonon structures. In
this respect, however, d-metal layered compounds
represent a favorable case. Owing to their partic-
ular geometrical structure and to their partial
(but still weak) covalency, the optical branches
display quite a sharply peaked density of states
whose width is normally less than lo/q of their
frequencies. " Because of such quasimolecular
character, the width of the zero- (even) phonon
peaks of the exciton- (odd) phonon transitions can
be as small as those of the exciton-magnon transi-
tions, namely, of only a few cm '. In this case
the discrimination between the two mechanisms is
based on their temperature dependence.

We have already reported some sharp phonon
progressions in Mn and Ni dihalides. ' " The
realization that this is a common feature also in
Co and Fe dihalides with a layer structure, de-
spite the complications arising from their orbitally
degenerate ground state, has suggested the pres-
ent, more systematic study of the vibrational
structures associated with the crystal-field tran-
sitions in the dichlorides and dibromides of Mn,
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Fe, Co, and Mn. These crystals, having either
Cdl, (C6) or CdC1, (C19) structure, belong to the

&3' or D3g space groups, respectively, w ith a cat-
ion at a D,„site surrounded by a slightly distorted
octahedral cage of halide ions. In Sec. II we re-
call, as an introduction, the theory of the many-
phonon structures in the absorption spectrum,
making a distinction between first- and second-or-
der processes.

Section III is devoted to the illustration of the
phonon structures in the mentioned crystals. In
particular, for Ni halides the recent crystal-field
calculations combining the effects of spin-orbit
and crystal-field perturbations" enable us to
achieve an improved assignment of the observed
absorption peaks with respect to that proposed in
previous papers. '"

Section IV contains a theoretical discussion of
the optical frequencies deduced from the vibronic
structures. Making use of the infrared transmis-
sion data, here determined for all the crystals
under consideration, we perform a fitting of the
experimental optical frequencies in the framework
of a deformation-dipole model, where only the net
charge is used as a disposable parameter. The
fitting yields a reliable scale of ionicity. This is
found to decrease regularly from Mn to Ni diha-
lides. Moreover, the residual discrepancies of the
fitting show a certain regular increase from Mn
to Ni, and are therefore interpreted as an effect of
the increasing covalency, namely, of the three-
body forces which were explicitly neglected in the
present model. Along this line, some information
on the two main angle-bending force constants
among nearest neighbors is finally obtained.

II. SPECTRUM OF PHONON-ASSISTED TRANSITIONS

A. Absorption coefficient

We briefly recall the expression of the absorp-
tion coefficient for parity-forbidden electron
transitions assisted by an odd-symmetry phonon
and accompanied by sidebands of many even-sym-
metry phonons. For light incident along the crys-

tal c axis (g direction), this is written as"

u(O) = lm df eict(eiHtlhM e-iHt/hM )
4~n

x x T &

(1)

where 0 is the light frequency, q is the refractive
index, V is the crystal volume, and M„ is the x
component of the electric dipole operator. H is
the one-electron Hamiltonian H, plus the phonon
Hamiltonian H~ plus the electron-phonqn (e-P)'
interaction, namely,

)1/ 2

s%, "2M,
+ quadratic e-p interaction+ ~ ~ ~,

where x, is the position of the lth atom, and M is
its mass; P, „and id~ are eigenvector and frequency
of the Xth phonon, and b~~, b~ are the respective
creation and annihilation operators. We write the
thermal average in Eq. (1) as

where ~4'.) =
~
p„(n„)) is any excited state with

electronic wave function y, and with phonon occu-
pation numbers n„~4,) =

~
p„0), and n,',. means

the difference between jth excited- and ground-
state expressions. Sumi, in his theoretical in-
vestigation on exciton polarons, "has considered
three limiting cases: nearly free excitons for
weak exciton-phonon coupling, vibronic excitons
with. small excitation transfer, and self-trapped
excitonp for strong coupling. Our crystals, in
agreement with their pronounced molecular char-
acter, belong to the second class, the observed
phonon progressions being reminiscent of those
predicted by Sumi for the small Huang-Rhys fac-
tor S (e.g. , S ~ 3) and small exciton bandwidth
(B&1)." Thus we can resort to the well-known
perturbative treatment for bound-electron transi-
tions" by expanding the electronic part of the ex-
ponential argument up to the second-order in the
linear e-p interaction

,(P)H(p)= -&N IP, -& +g Ii&u„L„}(bie'"~'+b e '" ')

fi(~ ~,) Li (b'ie a&& + b e is&& )(bi eire-„ib &-iso&.i)
~

yy'

where

'Ir&l 2
L„"'=(,/ n, .(y /vH, y„fq)

L&„'?=~ ~, ,g' (q ~VH, g„~q,)

&& (p& ~VH ' g„.~rp} (6}

y,re the first- and second-order linear e-p coupling
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coefficients, respectively. E„ is any intermediate
electronic level, E stands for either E, or E, and
~~, ~ p„ is an abbreviation for Z, (BH, /sx, )' g,«.
The last term of Eq. (4} may also represent the
first-order quadratic e-p contribution, provided
that L„",,' is replaced by

yields the many-phonon progressions. For first-
and second-order processes, y(T, t) was derived
by various authors in the late 1960's."" In our
case (y=y'=E, ) it is

( }r=Q ~m„„~'[(n„1+)e'"'+n„e ' ']

x e &&&&g-& +~&I&e-s'&&&ev &&, &&

where

'~'(y, IM„ I y„)(p„lv'H, („I y, )2M'„E„-E,

(6)

The form factor y(T, t} contains all the informa-
tion on the phonon structure associated with the
transition. The power expansion of exp[y(T, t)]

Since we deal with non-self-trapped excitons in a
perfect lattice, states y in Eq. (5) are Bloch waves
and P„are ground-state phonons (with y standing
for phonon wave vector q and branch symmetry).
Hence, the diagonal matrix elements in Eq. (5)
select q=0 even-symmetry modes. For crystal-
field tra, nsitions in O„or D„symmetry, y and y'
in Eq. (6) also refer to even modes at any q,
while in Eq. ('I), y and y' are allowed to be either
even or odd modes at any q.

The main contribution to L„'2,' usually comes from
levels y, close to y, belonging to the same multi-
plet, and transforming according to different rep-
resentations. As a consequence nontotally sym-
metric modes (E in layer structures of D„sym-
metry) are often involved by L„'„",. On the con-
trary, for the first-order quadratic term several
symmetry combinations are possible in principle.
A„phonons are dominant in this case, since elec-
tronic diagonal elements are involved in Q„"„,'. The
physical meaning of the diagonal coupling constant
Q„'„" is that of an effective force-constant change
for the y phonon associated with the excited-state
relaxation. Since we deal with d-d transitions,
where the radial parts of p, and q, are practically
the same, the relaxation is ratbex smaQ. There-
fore we shall disregard the first-order quadratic
interaction.

As concerns the dipole matrix element of Eq.
(3), we know that for crystal-field transitions in
ions with inversion symmetry, the zero-phonon
term (y ~M„~y, ) is zero. The electric-dipole
transition can then be assisted by an odd phonon p

which admixes the d levels (say y, ) with some up-
per odd (p or f) level y„. In this case, the thermal
average, Eq. (3}, takes the form"

+ —' g ~L"' ~'[(n + I)'e""«'+n'e ""«']
y y

(10)

Clearly, the second-order term yields two-phonon
progressions (2'~, 4&v~, etc.).

The Huang-Hhys factor is defined by S(T)
= p(T, O), while the self-energy Z, giving the pho-
non-induced renormalizati. on. of the purely elec-
tronic transition energy, is expressed by

Z = Q L,'„"f(u„(2n,+ 1),

and contains only second-order contributions.
Equation (8) shows a factorization between odd

phonons, assisting the electron excitation, and
even phonons yielding the vibrational sidebands.
Thus we speak of many-phonon structure of an ex-
citon-phonon transition. Equation (8) formally
holds also for the many-phonon structure of an ex-
citon-magnon transition, once m„„ is reinterpreted
accordingly.

B. Phonon structure of crystal-field transitions
in layer crystals

The observation of several replicas of the same
even-symmetry phonon and, in some case of two-
phonon states, is relatively easy in layered struc-
tures because of the very small dispersion dis-
played by the d-d excitons as well as by the optical
phonons of both even and odd symmetry. In order
to discuss the various coupling schemes, we con-
sider a 3d-metal ion in a 0„ field since trigonal
distortion represents only a small perturbation
in this class of layer compounds. On the contrary,
the phonons strongly reflect the crystal anisotropy
and have to be classified according to the irreduc-
ible representations 1", of the D,„point group.
For the lattice modes giving phonon progressions,
r, =W„or E,.

We want to discuss the e-p coupling for an intra-
configurational transition from an unmixed ground
state

~
y ) =

~

nS,I„I",) of symmetry I'„belonging
to the multiplet ' o"I, of configuration a —= (t2e"),
to an excited level

~

nSI', I ). We assume for this
level a configurational mixing (CM) with another
close level ~PS,I", I' } of different configuration P
=(t, 'e""). When SeS, the CM is due to spin-orbit
interaction and serves to relax the transition spin
selection rule. For S=S„ the CM receives a
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L &'&= r, ,(p fl"„fp)

=d„sin'3+ 5&~ sin28(t, fI'„ fe) (14)

L"'= I«. Il', l~;)I'/&.
= —,'fd„sin23+ 5~~ cos28(t, fl"„ fe) f'/d, ,

where

d, -=(t, lr'„lf, ) (.Ir„le).

(15)

(16)

h, is the energy separation between the two ad-
mixed levels, and I', stands for the expression of
the e-p operator of Eq. (5), which transforms like
the X', irreducible representation. The amplitude
of the second-order processes compared to first-
order is obtained by squaring the ratio

L„'„" cos'3 Id„+ 5ss,(cot28)(t, II'„!e)l'
L„~' 6, d, + 25qq (cotB)(t, I 1 „le)

Obviously, the smaller the CM (3-0), the larger
the weight of second-order processes. When S
4 Sp the minimum level separation d, can be of
the order of the spin-orbit constant $, which can
be enough to give important second-order contri-
butions, since d, is of the order of the crystal-
field constant Dq. '

The phonon displacement of trigonal A, sym-
metry contains Ag& and T~ symmetry coordinates
of the octahedral cage, while trigonal E, phonons
contain octahedral E„T„,and T„coordinates.
Therefore for $4$, both A, and E phonons are
coupled to first and second order. However, ex-
perience shows that A, is normally dominant.
When S= S, and the CM is small, the nondiagonal
element (f, fI'„ fe) is the leading term in both first
and second order e-p coupling constants. More-
over, the second-order processes become domi-
nant, since

L„'y' cosB cot3
( fP f

)
e

diverges for 0 —0. In practice the Coulomb CM

larger contribution from the two-electron Coulomb
interaction. We write the wave functions of the ad-.
mixed levels as

f y, ) = cosa
f
oSr, I" ) +»ns

f
pS,I",I'), (12)

fy,')= —sin3 fn&I', I")+cosa fN', I",I"). (13)

When only the orbital one-electron part of the lin-
ear e-p interaction is taken into account, the first-
and second-order e-p coupling constants can be
easily expressed in terms of matrix elements be-
tween d orbitals of e or t, symmetry as follows:

yi.elds rather large splittings 6, and, on the ex-
perimental side, we will see that only exceptional-
ly is I.„',", much larger than L„"'. This is better
understood later, when we shall mention the spe-
cific role of the spin-dependent ep interaction.
The nondiagonal element (t,

f

I', le) selects only
octahedral T„and T„coordinates which have
shear character symmetry. In this case the cou-
pling with E phonons is dominant.

The experimental evidence of second-order
progressions so far collected (see next section
and Ref. 10, hereafter referred to as BPPT) shows
that the occurrence of only E, phonons is nearly a
rule, and goes beyond what we would expect from
the above arguments. Indeed, other possible
mechanisms can carry the second-order coupling
with E, phonons, such as the trigonal distortion
and the Jahn-Teller effect. The former, produc-
ing a splitting of t, orbitals into trigonal e+ a„
yields matrix elements (a,

f

I', le) which exclusively
involve E, phonons, whereas the dynamical Jahn-
Teller effect, also involving only E phonons, is
known to enhance second-order e-p interaction
via the mixing of the dynamically split levels. '~"

So far we have considered a purely orbital ep op-
erator. However, for intraconfigurational (IC)
transitions with small CM due to either spin-orbit
or Coulomb interaction, a competitive mechanism
of first-order coupling is the direct phonon modu-
lation of the spin-orbit interaction within the ex-
cited- and/or ground-state multiplet. " This con-
tribution vanishes only for IC transitions involving
either A or E or 'T multiplets, and this was seen
to provide a simple selection rule for the occur-
rence of second-order progressions.

There can be an interesting intermediate case
when the Coulomb configuration mixing is finite
but still small enough to give first-order coupling
with dominant E phonons. An exact superposition
of one- and two-phonon progressions due to the
same frequency may be observed. This would ap-
pear as an anomalous one-phonon progression
with oscillating amplitudes deviating from the
Poisson amplitude law e ~ 'r'S(T)"/n! valid for
weak e-p coupling [Huang-Rhys factor S(T) &1].
For increasing configurational mixing, the linear
e-p interaction is larger and larger and the
coupling with A„phonons becomes dominant to all
orders. Thus we approach gradually the case of
interconfigurational transition (EC) (t",e"-t," e"' ).

For EC transitions the orbital ep interaction re-
"uces to "erms alike f(e Iff~-ale) -(t2 Iffy-~ It2)j~
which are always nonvanishing for coupling with
A, phonons. Such a coupling term, of the order
of kDq, is several times v„, and yields broad

lg
bands with possible sneak A„phonon structure os-
cillations at the low-energy side.
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III. EXPERIMENTAL VIBRONIC SPECTRA

A. Experimental techniques

All the crystals were grown by the flow-system
method with the halogen gas carried by dry nitro-
gen and attacking the powdered metal at a temper-
ature typical for each crystal. The crystals so ob-
tained were chosen while standing on a hot plate to
prevent rapid deterioration due to moisture. With
the exception of Ni halides, all the crystals are
highly hygroscopic. Platelets of greater size and
higher optical quality were used for absorption
measurements, whereas second-choice crystals
were used to prepare the samples for the far-
infrared absorption.

Moisture gave major problems in the far infra-
red, but pellets almost free of moisture were pre-
pared by pouring polyethylene powder in a hot mold
containing the powdered crystals and stirring until
the whole was fluid and well mixed. After cooling
a disk 25 mm in diameter, -1 mm thick, and -250
mg in weight was obtained with crystal concentra-
tion ranging from 2% to 5'//p. The quality of the
pellets from the point of view of moisture content
was judged by taking a medium-infrared spectrum
in which particularly prominent is the 1595-cm
band associated with the bending of the OH bond.

Far-infrared absorption spectra, presented and
discussed at the end of this section, were recorded
in the range 50-400 cm"' using a FI8-3, Perkin
Elmer grating double-beam ratio-recording spec-
trophotometer. In the medium infrared, the in-
strument used was a Perkin Elmer 180 spectro-

photometer. Visible absorption spectra were
taken in a liquid-helium cryostat which, for tem-
perature-dependence studies, was allowed to warm
up slowly. The temperature was checked by a
CLTS sensor by Oxford Instruments; absolute er-
ror was evaluated as +1 K. The spectrophotometer
was a double-beam Cary 14.

B. MnC12 and MnBr2

The optical absorption spectra of layer Mn di-
halides were reported by several authors both at
78 K (Refs. 19-23) and at 5 K."' Our general
crystal-field spectra of MnCl, and MnBr, at 80
and 4.2 K are reported in Figs. 1 and 2, respec-
tively. All the bands are spin forbidden and the
attributions are indicated following the calculation
given by Orgel" in the weak crystal-field approxi-
mation. In the present analysis, however, we
found it more convenient to refer to the recent
ligand-field diagrams reported by Konig and
Kremer" for vanishing spin-orbit coupling but in-
cluding the effect of various axial fields. Here-
after the guideline for the interpretation of the vi-
bronic structures is given by the experimental
Raman frequencies of A„and E, symmetry listed
in Tables I (dichlorides) and II (dibromides). '""
In the following list only the transitions from the
ground sextet 'A, (e't', ) to the excited quartets have
been taken into account as the doublets should have
a negligible oscillator strength.

T, (G) and Tq(G). These are EC transitions
(k = -I) and give broad bands where only a weak A,

—100—
E

20
I

Mn C(z

ground state: 'A, (S)

NAVE NUMBER {IO~ cm')

25 30
I I

'E(D)

35

"A,(G), E(G)

Tz(G )

PHOTON ENERGV (eV)

FIG. 1. Crystal-field spectrum of MnC12 at 4.2 K.
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WAVE NUM8ER (IO cm')
25 30 35

700— Mn Br&

ground state: 'A~(S)

500—

T, (G)

x3

PHOTON ENERGY (eV)

FIG. 2. Crystal-field spectrum of MnBr& at 4.2 and 80 K.

structure is visible. The structure is observed
only in MnCl„however, and is more evident in
'T,(G) (Fig. 3) because of the appreciable CM with
the above 'T,(D), which slightly reduces the ep
interaction. The band 'T,(G) has been thoroughly
investigated in Mnr, because of the sharp features

appearing below the Neel temperature T„and as- .

sociated with magnon-assisted transitions. " In
MnCl, and MnBr„having a much lower T„, noth-
ing similar was detected.

E(G) and ~A, (G). The transitions to these quasi-
degenerate levels are quite interesting because of

TABLE I. Coulomb, dipolar, second-neighbor, and van der Waals force constants and cal-
culated and experimental frequencies for different symmetries in 3d-metal dichlorides.

(kgs ~)
42n Q vdw cu& (cm )

calc. vibronic Haman, ir

MnC12 A g

A2„
E»

7.315
-8.412

7.741
-10.953

4.051
-2.026
15.321
-7.661

31.631
4.473

-7.966 202
-0.613 145

284
188

228+5
133+8

234
144
255
185

Fe Cl2

A2„

5.384
-6.676

5.681
-8.826

2.741
-1.371
12.576
-6.288

43.291 -10.083 211
5.974 -0.776 152

275
199

228 +8
137+8

248
145
270
192

CoCl2

Ag»

&»

5.216
-6.645

5.453
—8.943

2.560
-1.280
12.544
-6.273

47.970 -10.907 247
6.564 -0.839 145

282
214

254+ 9
148+ 8

250
151
270
206

NiC12 A ~

A2„
E»

5.134
-6.552

5.335
-8.924

2.520
-1.260
12.375
-6.187

48.111 -10.932 230
—.6.585 -0.841 176

297
234

261 +3
160+7

269
173
293
225
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TABLE II. Coulomb, dipolar, second-neighbor, and van der Waals force constants, and
calculated and experimental frequencies for different symmetries in 3d-metal dibromides.

&2n

(kg s )
~vdW ~y (cm ')

calc. vibronic Raman, ir

2.447
-1.224
15.812
-7.906

MnBr2 A & 5.919 45.309 -10.184
Eg -8.358 6.588 -0.784

6.680
Es 11.232

137
93

235
145

151+5
93+ 9

151
90

234
143

FeBr2 A g 6.358 2.404 52.161 -11.268
Eg -9.330 -1.202 7.511 -0.887
A2u 6.712 17.616
Eu -12.645 -8.808

147
99

246
163

155~5
98+5

157
93

231
154

CoBr2
E
A2„
E„

4.006
-6.115

4.197
-8.467

1.373
-0.744
11.498
-5.749

59.348 -12.377
8.469 -0.952

157
93

224
163

152~6
105+7

162
98

230
161

Ni Brl
E
A2„.
E„

3.007
-4.677

3.131
-6.591

0.979
-0.480

8.777
-4,389

62.934 -12.921
8.942 —0.994

152
110
235
191

167+4
95+5

168
105
230
181

21
I

WAVE NUMBER (ZO'tcm-'y

22
I

23
I

2.6 2.82.7

PHOTON ENERGY (eV)

FIG. 3. T2 (G) band of MnC12 at 4.2 K.

their IC character [Figs. 4(a) and 5(a)]. The de-
generacy predicted in the cubic approximation is
removed by the trigonal field. " The phonon struc-
tures should then begin from two different origins.
Indeed in MnBr, some progressions start around
23080 cm ', while another progression begins at
23 380 cm ' with a splitting of 300 cm '. Analogous
behavior was found in MnI„" while the situation in
MnC1, is less clear. The fact that trigonal pertur-
bation in other crystals of this class is comparable
to spin-orbit coupling' could. explain such a large
splitting. On the other hand, the first two unre-
solved peaks of the structure, having a separation
of nearly 40 cm ' in all MnX„are more likely to
be the Jahn-Teller doublet of 'E(G) rather than the

origins of 'E(G) and 'A, (G) progressions. Uniaxial
stress experiments could clarify this point. As
concerns phonons, we note that the IC dature of
this level, with only a very small configurational
mixing, should cause the superposition of impor-
tant two-phonon series. In this case it would be
easier to account for the complicated observed
structure. Since the representation I', is contained
twice in 'E+'g„one predicts also an A„A.„
progression, but this is not evident in Figs. 4(a)
and 5(a). Instead for E, the strong two-phonon
character appears in Mnl, ; the progression of 140
cm ', reported by van Erk,"is further evidence
of a pure E XE progression, +& being in layer
3d-metal iodides around 70 cm '.~

~T,(D}. Because of the exceptionally strong CM
with 4T,(G), this transition has a partial IC char-
acter and a weaker e-p coupling. Therefore nice
A„phonon progressions, extending up to the fifth
order, appear in both crystals [Figs. 4(b} and

5(b) j. In MnBr„ three progressions, with sepa-
rations of the origins of 45 and 25 cm ', are well
resolved, while in MnC1, the second and third
series are presumably too close to be distinguish-
able. Such a splitting could be attributed to the
combined effect of spin-orbit and trigonal pertur-
bations.

E(D). The strong IC character of 'E(D) is only
weakly perturbed by spin-orbit mixing at the
crossing with the 'T,(P, e't,') level. Thus it ex-
hibits an 4, progression, which is characterized
by quite a weak e-p interaction, namely, by a
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FIG. 4. A~(G)s E(G), T2(D), and E(D) bands of MnC12 at 4.2 and 80 K.

rapid intensity decrease with increasing phonon
order. The weaker intercalated progression ob-
served in MnCl, cannot be assigned to A„mode,
the spacing being quite a bit larger (-272 cm ').
Since the theory also predicts no spin-dependent
e-p interaction for this transition, the second
progression is interpreted as a second-order E
x E, (whose spacing should be 266 cm ').

4T~(P) and ~A&(E). The former displays some
structure only in MnC1» which, by the way, does
not seem to have a phonon origin. On the other
hand the 'T, (P) of MnBr, is a broad band, in
agreement with its EC nature. On the contrary,
'A, (E) is IC to a good extent, despite the numer-
ous crossings with doublet levels of et', configura-
tion. In Mnar» it gives a single weak progression
(Fig. 6) with a spacing of -140 cm '. This is quite
a bit smaller than the Raman A„ frequency (151
cm '). However, the experimental uncertainty is
large in this case, and we cannot exclude just an
excited-state relaxation effect.

In principle, all the frequencies associated with
the above transitions should be slightly different
and shifted with respect to the Raman frequencies,
due to the different relaxation of the excited states.
If we except the case of 'A,(F}, however, such a
shift is often very small and within the experimen-
tal error. Therefore the vibronic frequencies col-
lected in Tables I and II with the corresponding
errors are obtained from averaging over all the
transitions.

C. FeC12 and FeBr2

Accurate investigations of crystal-field transi-
tions from the ground quintet 'T,(D, e't, ) and of
the magnetic properties of iron dihalides ap-
peared recently. " ' From crystal-field diagrams
calculated by Konig and Kremer (KK} including
spin-orbit interaction" ($ = 420 cm '), but not tri-
gonal distortion (which, for simplicity, here is
also neglected in spite of some recent evidence in-
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FIG. 5. Ag(G), E(G), T2(D), and E(D) bands of MnBr2 at 4.2 and 80 K.
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dicating an appreciable trigonal-field effect on the
ground-state multiplet'), a reasonable fit of the
Frank-Condon peaks is obtained with Dq = 600
cm ' for FeBr,." Here the best adjustment of the
origins of the various phonon progressions is ob-
tained from those calculations with Dq= 600 cm '
for FeCl, and 550 cm' for FeBr,. Our general
spectra are shown in Figs. 7 and 8.

&(D), T, (H), and Tq(H). These are EC transi-
tions (k = 1 for the first, k = -1 the other two) and

display no resolved structure, except 'E(D) which
exhibits a double-peak feature, presumably due
to Jahn-Teller effect. "

~T, (H) + 'A, (I). The fir.st level is IC and would

be a candidate for a well-resolved phonon struc-
ture, while 'A., is EC with k = -2, and is strongly
forbidden by configurational and spin (n S= -2)

selection rules. But the two levels cross each
other with an appreciable spin-orbit mixing just
at Dq= 500 cm '. The weak 1",-component mixing
of 7] w ith this highly EC level is probably suf fi-
cient to enhance greatly the e-p coupling, giving
a broad band. Moreover there is also a strong I'4-
component spin-orbit mixing with 'T,(I). On the
other hand, the remaining 1, and 1, components
of 'T, (H) are practically unperturbed and without
any appreciable phonon-induced mixing, since 13
&& I', does not contain A„or E,. Indeed, no one-
phonon or two-phonon resolved series are found
in the 'T, +'g, band.

~Tz(F) + ~g(H) + ~T, (P) + 'T, (I). In the region Dq
= 500 to 600 cm ' these levels are quite close to each
other, - the reciprocal distances being of the order
of the spin-orbit interaction. It is convenient to
consider these terms altogether as a spin-orbit
split giant multiplet, whose levels at Dq= 600 cm '
are, in ascending order, "I',('T,), I',('T,}, I',('T,),
r,('z,}, r,('z), r,('z, ), r,('T,), r,('T,}, I,('z},
I',('T,), and I',('T,). The splittings, as derived
from the KK calculations, " for a spin-orbit con-
stant $ = 420 cm ' are shown in Fig. 9. The com-
parison of this level distribution with the positions
of the main p'eaks observed in FeC1, [Figs. 10 and

9(a)], from where the phonon series are argued
to start, show a surprising agreement, except
for a scale factor: The experimental structure of
these levels is 1.5 times more spread in energy.
An analogous situation is found for the experimen-
tal structure of FbBr, when compared with the
calculation for Dq= 550 cm ' [Fig. 11 and Fig.
9(b)]. Perhaps a larger $ or the inclusion of tri-
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FIG. 7. Crystal-field spectrum of FeC12 at 4.2 and 80 K.
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quite reduced in comparison with what is expected
for k=1 EC levels. As a consequence two A~ pro-
gressions are observed. (See Fig. 12.) The
vibronic frequencies of FeCl, and FeBr„aver-
aged on all the observed progressions, are re-
ported in Tables I and II, respectively.

D. COC12 and COB~2

Crystal-field spectra of CoCl, and CoBr, were
studied experimentally as early as 1963 by Fergu-
son, Wood, and Knox,"and reasonably fit in the
cubic-field approximation with Dq= 690 cm, 8
= 780 cm ', C(B= 4.40, f = 420 cm ' for C oC1, and

Dq= 640 cm ', B=760 cm ', C/B=4. 40, )=420
cm ' for CoBr,. Energy-level calculations includ-
ing spin-orbit interaction ()= 450 cm ') have been
reported by Liehr" and are used in the present
discussion. The ground multiplet is 4T,(F, e't,},
and is split by spin-orbit interaction to give a

ground doublet of l"6 symmetry. The general crys-
tal-field spectra are reported in Fig. 13. and Fig.
14. The lowest crystal-field transitions, to
'T,(F), '&(G}, and 'A,(E) are all EC: No resolved
vibronic structure is observed.

~T, (G) and Tz(G) These .two weak spin-for-
bidden IC transitions present in both crystals very
weak phonon structures in the higher-energy side
(Figs. 15 and 16). One or perhaps two progres-
sions with a single frequency close to A„Haman
free(uency (Tables I and II) can be recognized. We
need to associate these progressions with the
components I', of 'T, and I', of 'T„since these
levels present only a very weak CM via the spin-
orbit interaction with I', and l", of the above
'T, (P), while the other two components I", due to
the mixing. with I', of 'A2(E) loose much of their
IC character and do not show any appreciable
structure but only broad bumps.
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T2 p')+ E (H)+ T& (P)+ T& (T) bands of FeBr2 at various temperatures.
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T, (P). This spin-allowed transition gives the
most prominent feature among all Co" crystal-
field absorption bands. However, because of the
CM with the ground multiplet and the spin-orbit
coupling of the I', and I', components with the re-
spective components of the above 'T,(P, e't, ), the
EC character of this transition is attenuated. Thus
the three spin-orbit components I', + I'„ I'„and
I', can be distinguished, and also weak oscillations
due to vibronic progressions are argued. In
CoCl„where these oscillations are better seen by
means of the second-order derivative of the band
shape (Fig. D), a single frequency, close to that
of A, Raman mode (250 cm '), accounts for all

the observed features. In CoBr„only the shoulder
of the 'T,(P) band, assigned to I'„exhibits a well-
resolved phonon structure [Fig. 18(a)], and this
consists of two close progressions with the same
spacing of 105 cm ', fairly close to the Haman E,
frequency.

~A, (G) + ~T&(P). In the region around Dq= 700
cm ' the I', component of these two levels are
strongly hybridized, while the I', component, of
'T,(P) contains some percentage of I,['T,(P)].
Since 'T, (P) is IC, some resolved phonon progres-
sions are observed [Figs. 18(b) and 19]. In both
crystals, the three progression origins associated
with the above spin-orbit components can be lo-

, cated for CoCl, at the small peak at 18822 cm '
(I',) and at the two sharpest peaks at 19 044 (F,)
and 19806 cm ' (I',). The same assignment is
made in CoBr„where analogous structures exist
at 17 662, 1V 825, and 18 594 cm ', respectively.
In CoCl„ the two I', origins reveal a fine struc-
ture, namely, a doublet with separations of 7 cm '
and 55 cm ', while in CoBr, this structure is not
resolved.

The fitting by means of progressions with spac-
ing equal to A„or E, Raman frequencies (Tables
I and II) give only a partial account of the ob-
served structures. Clearly the upper I', progres-
sion in both crystals and the I', progression of
CoBr, require an intermediate phonon frequency:
17V cm ' for CoCl, and 133 cm ' for CoBr,. These
frequencies are some 30 cm ' larger than the re-
spective E frequencies and can be hardly ex-
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FIG. 13. Crystal-field spectrum of CoC12 at 4.2 K.
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plained in terms of an excited-state relaxation.
Also the dynamical Jahn-Teller mechanism cannot
account for such a large renormalization of the E,
phonon frequency, since no diagonal coupling exists
for I', states.

~Tz(H) + ~T, (H). The transitions to these two lev-
els, admixed through their I', components, show a
rather complex vibronic structure. However,
some progressions are identified in both crystals
(Figs. 20 and 21). The slope of 'T,(H) vs Dq is
appreciable, in spite of its IC nature, owing to
CM. Therefore the phonon structure is weak (par-
ticularly in CoC1,}and reveals only A, phonons.
The third progression in C oBr, is mainly asso-
ciated with 'T, (which is EC with k= 1) and is the

starting point of a band completely covered by the
charge-transfer edge. In CoC1„ the peak around
22150 cm ' seems to be also the origin of another
A„progression (or of an E, progression with &os

-150 cm '). In CoBr„ the separation of the three
spin-orbit components of about 460 cm ' is con-
sistent with Liehr's calculations for a spin-orbit
constant $ = -450 cm ' and Dq= 600 cm '." In
CoCl„such a separation is somewhat smaller, It
seems unlikely that the possible progressions
starting from 22150 cm ' be associated with
'T,(H) Rather t.he IC 'T, (H) transition should be
related with the wide bump at 23 900 cm ' (Fig. 22).

E(H), Tz(D), and T, (D). In CoC1, these transi-
tions are observable and reveal some nice pro-
gressions of the A~ phonon (Fig. 22). This is not
completely expected, as these EC levels present
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FIG. 16. T~(G)+ T2(G) bands of CoBr2 at 5 K.
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observed progressions (except those of I",['T,(P)
+ 'A, (G) j) are listed in Tables I and II.
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FIG. 17. 4T~ (P) band of CoC1& with the second-order
derivative at 4.2 K.

only quite a weak CM with levels of e't, configu-
ration. While the disentangling of 'E(K) and 'T,(D)
vibronic spectra is rather complicated (three or
four series, at least, are needed), the two pro-
gressions I', and I', of 'T, (D) are surprisingly
sharp and simple, allowing for a relatively pre-
cise determination of the spacing. The vibronic
frequencies derived from the average over all the

E. Niclg and NiBrg

Kozielski and two of us reported in 19'l2 a de-
tailed study of crystal-field transitions in NiCl,
and NiBr, .' The assignment of the observed spin-
forbidden transitions within an octahedral crystal-
field scheme including spin-orbit interaction, '4

but neglecting trigonal-field distortion, was rather
unsatisfactory, however. Particularly, the inter-
esting series found in NiBr, between 16434 and
17 300 cm ', partially due to exciton-magnon tran-
sitions, has stimulated further studies of mag-
netoabsorption" and neutron scattering" which
have shed some light on the antiferromagnetic or-
dering of this compound. Nevertheless, the at-
tribution of this transition to either 'E(D), 'T,(D),
or '&,(G) was still in question. On the other hand,
it is known that the halogen octahedral cage of
NiC1, and NiI, is rather flattened [u = 0.235 and
0.233, respectively, "whereas the other 3d-metal
dihalides are considered in Wyckoff's book as
undistorted, i.e. , u = 0.25 (See Table III, Foot-
note a)j." A similar u value is expected
for NiBr, . Such a trigonal distortion is prob-
ably related to the relatively smaller ionic
character of Ni dihalides, as will be shown in the
next section. The combined effect of trigonal dis-
tortion and spin-orbit coupling on d' and d' crys-
tal-field levels was recently investigated by KK."
Comparing the diagrams of Fig. 23, derived from
KK calculations for the case Dcr= -D7., with the
general crystal-field spectra of Kozielski et al. '
one can see that rather good agreement with the
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positions of the observed crystal-field transi-
tions (spin-forbidden levels included) is ob-
tained for both crystals when the trigonal-
field corrections are included (see the vertical
lines labeled NiCl, and NiBr, in Fig. 23). We have

he Hacah parameters B 905 cm-i and C= 4B
as in KK" and the spin-orbit constant equal to
-286 cm ' for both crystals; Dq='l5V cm ' and D7'

= -153 cm ' for NiC1„Dq = 846 cm ' and D7 = -290
cm ' for Niar, .

This fitting is now used to discuss the observed
vibronic structures; we recall that the ground lev-
el is 'A,(F, e'}.

~Tz(F). The spin-orbit quartet (I'„ I'~, I'„and
I', in ascending order} is further split by the tri-
gonal field into a lower group of four states (I'„
r'„r3 r$ where index T denotes D,„ irreducible
representations) corresponding to 'Er(F), and an
upper nearly degenerate doublet (I'Gr and I'Gr) cor-
responding to 'A, (F). This is clearly seen in the
experimental 'T,(F}band, where several progres-
sions starting from theo distinct regions can be

'g 10
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C/l
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FIG. 20. T2(H)+ Tg(+ band of CoC12 at 5 K.

recognized (Figs. 24 and 25). In NiCl, (Fig. 24),
the first progressions of the subbands 'Er(F) and
'A, (F) start at E, = 6519 and E,=740'I cm ', re-
spectively. The sum of two Huang-Rhys functions

AIS,"I/I'(nI+ 1)+AGSl&/I"(nl+ 1), (19)

where n, =(E —E,)/", g. ives . a reasonable fit of the
whole 'T,(F) band with Huang-Rhys factors S, = 3.5
and S,= 3.3 and relative amplitudes A, = 1.14 and
A, = 0.65, the phonon frequency & being set equal
to 261 cm

We note that A, is approximately twice A,. This
is a further argument in favor of the present inter-
pretation, according to which the separation of the
hvo subbands is due to trigonal field rather than
to spin-orbit interaction. '

The EC character of this transition suggests the
attributing of the five phonon progressions, with a
spacing of 261 cm ' in NiCl, and 167 cm ' in NiBr„
to A„modes. These are in perfect agreement
with the Raman frequencies (269 cm ' for NiCl,
and 168 cm ' for NiBr, ; see Tables I and II).

T&(F)+TE(D). Owing to the striking E ~E two-
phonon progressions associated with 'E(D), these
bands have been already published in detail in
BPPT" (Ref. 10) and will not be reproduced. The
bands associated with these levels are superim-
posed for the present values of Dq. In octahedral
symmetry, mixing takes place via the r3 compo-
nents. In the trigonal field two additional r, com-
ponents come from the splitting of'T, (F) into'A, (F)
+'Er(F), yielding more complicatedhybridizations.
However, the trigonal splitting produces also a
large separation among 'E r(F), 'E(D), and'A, (F),
so that 'E(D) becomes quite isolated and very
weakly dependent on both Dq and D' (see Fig. 23).
According to the theoretical introduction in Sec.
II, the 'A,(F,e')-'E(D, e') is then a candidate for
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a two-phonon E && E progression. Indeed, the
sharp progressions superimposed to the 'T, (F)
band and starting from 13 300 cm ' in NiCl, and
12400 cm ' in Niar, have a spacing nearly twice
the E Haman frequency (165 and 105 cm ', re-
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FIG. 23. Crystal-field levels of Ni2' including spin-

orbit interaction as functions of the cubic field g)q) and
of the trigonal field along the c axis for Dg = -Dv. The
black circle and square show the fitting of Dq/B (8=Rae-
ah parameter) to the position of E (9) for ¹iCC1and
¹iBr2, respectively, according to the attribution of Ref.
8, whereas the open circle and square correspond to the
present fitting inclusive of the trigonal-field perturba-
tion. The upper trigonal 3E multiplet is schematically
represented without structure (broken line).

spectively) and are to date the best example of two-
phonon vibronic structure originated by the second-
order linear e-p interaction. "

It should be stressed that the vibronic analysis
also provides a strong argument for assigning the
sharp progressions appearing in the middle of the
'T,(F) band to 'E(D). As concerns the "true"
'T,(F) transitions, we assign the two bands ob-
served below 'E(D) to 'Er(F) components and the
broad weaker band found above 'E(D) (not yet in-
terpreted) to 'A2r(F). Indeed, the spin-orbit quar-
tet of 'Er(F) for NiBr, goes into two nearly degen-
erate doublets (I'3r+ I', and I"sr+ I'2r) with a splitting
on the order of 500 cm ', which may account for
the net observation of a bump at 10500 cm '; how-
ever, for NiCl, the calculated diagram predicts
a triplet (I'~r, the nearly degenerate I'Sr + I"2r, and
I'Sr). The strong EC character (k= 2) of 'T,(F)
transitions is rather attenuated by the strong CM
with the upper 'T,(P), and this may explain why a
very weak corrugation corresponding to A., prog-
ressions has been observed in the band of 'Er(F)
(see BPPT").

'A, (G)+ 'Tz(D). The trigonal field splits 'T, into
'A, and 'E and admixes this 'A., with the upper
'A, (G). For trigonal fields as large as that of
NiBr„ the two components of 'T,(D) are strongly
lowered to the region between 16400 and 17 200
cm ' and split by -800 cm ', while 'A, (G) is pushed
up between the two trigonal components of the
spin-allowed 'T,(P). In this case resolved phonon
structures should be observed for 'A~r(D) because
of the large configuration mixing with 'A, (G),
while the latter itself is undetectable. On the con-
trary, in NiCl, the splitting of 'T,(D) is small, the
trigonal mixing with A, (G) is negligible, and
'A, (G) remains just above 'T,(D) but well below

T,(P): In this case, if any structure is observed
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8.0 8.5 9.0

FIG. 24. 7.'2 (F) band in NiC12 at 4.2 K. %e show also the calculated Huang-Bhys functions associated with the E
and 4A. ~& subbands due to trigonal splittings.

in the region of 'T,(D), this is associated with
'A, (G). This analysis applies quite well to the ob-
served spectra. Thus .in NiBr, the structure
around 16500 cm ', earlier attributed to 'E(D),"
is definitely assigned to the spin-forbidden transi-
tion 'T,(D). We note that the magnetoabsorption
analysis" interpreting the origins of this transition
as due to magnon sidebands (exciton-magnon
transitions) is still valid, being independent of the
level assignment and is a good starting point for
attempting a complete identification of the vibronic
structure. With reference to Fig. 1 of Giordano
et g/. ,

"we note that an 3„,progression starting

from 16600 cm ' and a pair of close E progres-
sions, with a strong second-order character,
starting from the two exciton-magnon lines can be
proposed, while the stepwise series between
16434 and 16 600 cm ' could be an example of
multimagnon sidebands of the type predicted by
Bhandari and Falicov" and recently observed in
luminescence spectra by Chiang et al."

It is, however, difficult to accept these two ori-
gins at 16600 and 16434 cm ' as due to the trigonal
splitting of 'T,(D), since the latter is expected to
be larger than 166 cm '. An alternative suggested
interpretation could be the following. The broad

Ni8F~ (5 t(l) 'Tq (F)

I . I I

I

8.0
I

6.5 6.7
I i I I I

7.0
E (10' cm')

Fgo. 25. g 2 (p) band in NiBr2 at 4.2 K. Note that the two trigonal components are shown separately with different
scales.
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peak at 16600 is an odd-phonon sideband [e.g. ,
A,„(TO) with &u= 230 cm ', see below], as well as
the two sharp peaks are magnon sidebands (with
tu„= 64 and 72 cm '} of the same transition to the
'A~r(D) singlet. The exciton-phonon transitions
give obviously a much broader peak because of the
broader dispersion of A,„branch. ' In this case we
would shift up to 17 030 cm ' the second origin
[that corresponding to 'Er(D)], obtaining a reason-
able trigonal splitting of about 600 cm '.

In NiC1, the trigonal splitting of 'T,(D) and
'T,(P) is much smaller than in NiBr, . Here the
trigonal components 'A~r(D) and 'Er(D) are prac-
tically superimposed, while 'A, (G) is expected to
fall between 'Er(D) and the strong 'T,(P) band
(whose trigonal splitting is now smaller than the
multiphonon width). The weak progression affect-
ing the shape of 'T,(D) and the left-hand side of
'T,(P) (Fig. 26) is therefore associated with the
above 'A, transition. The spacing of 320 cm ' co-
incides with that of 'E(D) and is again assigned to
an E,x E, two-phonon progression, in agreement
with the IC nature of 'A, (G).

T, (P). The fitting by the inclusion of trigonal-
field effects also implies a new assignment of
this transition in NiBr, . According to the diagram
of Fig. 23, the two peaks at 19 800 and 22 200 cm '
are just the two trigonal components of 'T,(P),
namely, 'A", (P) and 'Er(P), respectively. The
interpretation of the first band as being due to
multimagnon processes earlier proposed on the
basis of the observed temperature dependence"
is not affected by this alternative assignment
['A, (P) instead of 'T,(D)]. However, by observing
that around 19800. cm ', we have in NiBr, the
crossing and the mixing of 'A, (G) with 'A2r(P), the
large broadening of this peak for increasing tem-
perature has another possible explanation: The
change of D7- with temperature produces a rela-

tively rapid separation of the two crossing levels,
yielding a strong smearing of the band.

{TO) A2 (TO) E + Eg
I I I I I I I

E„(TO) A2„t TO) E„Eg
I

F. Far-infrared transmission data

The vibronic sidebands so far discussed have
provided values of the A, and E, optical modes.
The information is completed by the far-infrared
transmission data on powders, which give the TO
frequencies of E„and A,„symmetries. The spectra
obtained at T= 300 K are shown in Fig. 27 for all
the crystals considered. The numbers labeling the
peaks and the tails of the spectra give the trans-
mission values in percent for each sample. The
values of the frequencies &o(A,„,TO) and tu(E„, TO)
are listed in Tables I (dichlorides) and II (dibro-
mides). While the determination of tu(E„, TO) is
relatively easy, that of ~(A,„,TQ) presents some
difficulty due to the weakness of the peak which
can therefore be confused with that of the E,+ E„
sideband (particularly in bromides) or with those
of possible contaminants. Particularly in Co and
Fe dihalides, the conf idence in attributing the A,„
bump results from repeated measurements on
several samples. In Fig. 27 the line corresponding
to E„+E,, gives just the theoretical location of the
combination band: Only in bromides does it cor-
respond to small experimental peaks.

In MnCl, the structure at 235 cm"', previously
attributed by Lockwood to E„,TO, here is found to
depend on the sample (contaminants) at least for
the part above the broken line. On the other hand,
the peak at 255 cm ' is in good agr cement w ith the
recent neutron data (250 cm '}.4' The smallness of
the A,„peak and its dependence on the powder
grain size leaves no doubt on this attribution and

E
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WAyE N[)MBER ('10'cm ')
20 21

I I I

~O0

0 Mn

tA
Vl
X
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K

Co

NiCI2

50

50

= 2OO

I

2.3

I

2.7
I

2.5

PHOTON ENERGY (ey)

FIG. 26. E~xE«t phonon progression of A&(G)
transition superimposed to the 'T2(D) band in NiC12 at
5 K.

100 200 300 400 100 200 300 400

u)(cm 1)

FIG. 27. Infrared transmission of powdered 3d-metal
dihalides in nujol at 300 K. The transmission values at
the E„peak and at the high-frequency tail are indicated
(in percent units and for a linear scale). The structure
of MnC12 at 230 cm is sample dependent (contamin-
ants?); broken line shows the presumable intrinsic
transmission. The line E„+E~ indicates the thearetical
location of such a combination band.
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on the fact that ~(A,„,TO) is always above v (E„,TO)
(unlike the earlier attribution of MnC1, and CoC1,
f requenc ice by Lockwood").

IV. DISCUSSION OF THE PHONON FREQUENCIES

The interpretative work so far presented is
based to a large extent on general and qualitative
arguments. A discussion of the vibronic struc-
tures starting from a microscopic calculation of
the electron-phonon coupling and based on the
comparison with calculated many-phonon band
shapes would certainly be in order. This is, how-
ever, beyond our actual purpose (and our present
capability). An aspect of this work which de-
serves further discussion is that concerning the
phonon frequencies. The earlier misleading in-
terpretations of the vibronic structures in Ni di-
halides, ' and also in Mni„" are examples of the
importance of the preliminary knowledge of the
optical vibrations. It is therefore useful to dis-
pose of a simple dynamical model providing ana-
lytical expressions for the q = 0 optical frequencies
in terms of few physical (and possibly known) pa-
rameters.

A. Model potential

—I,Z(1 —Z) —4P(1 —Z')' ~ ' E, , —(2o)

where U, is the cohesive energy as given by the
Born-Haber cycle for the ideal ionic case, I, and

I, are the metal first- and second-ionization po-
tentials, I, and A are the halogen ionization and

affinity energies, and E~ is the crystal-field sta-
bilization energy. ' The resonance energy P can

%hen neutron dispersion curves and experimen-
tal elastic constants are not available (as for most
of the present crystals), we may conveniently ob-
tain information on the interionic potentials and

force constants from the experimental cohesive
energy and the equilibrium lattice configuration.
However, when a crystal is only partially ionic,
the cohesive energy is not a trivial concept as it
depends on the definition of the dissociated phase.
For consistency with the chosen interatomic po-
tentials, the free ions of the gaseous phase must
be prepared in the electronic configuration which

is then kept unchanged during condensation. Ac-
cording to the procedure developed in Ref. 'l, the
cohesive energy U(Z) turns out to be dependent on

the fractional ionic charge Z because of covalency
corrections to the metal ionization and halogen af-
finity potentials and other corrections due to the

crystal-field stabilization and resonance energies.
It is found that

U(Z) = Uo —I~(l —Z)2 —I2(1 —Z2}+A(2 —Z —Z )

be in turn related to some crystal macroscopic
data as in Ref. 7, or simply by means of the Paul-
ing-Sherman formula. ~' (The former procedure
is used here. ) U(Z) is written as summation of
interionic microscopic potential energies:

-U(Z) = 6b,e "o~'0+ 6be '~'+ 3be ' ~ '

+ Sbe ' ~ ' —n „Z e / ro- 8 c6«/a, (21)

where r, is the metal-halogen equilibrium dis-
tance. In nonideal (namely trigonally distorted}
C6 and C19 structures w e have thr ee dif fer ent
distances between neighbor halogens: a (in the xy
plane), a' (out of the xy plane, intralayer}, and
a" (interlayer). For the halogen-halogen repulsive
parameter b and p we use the values known for al-
kali halides. ' The metal-halogen repulsive pa-
rameters b, and p, are fitted to the cohesive en-
ergy, once Z is known, and to the interionic dis-
tance ro via the equilibrium condition SU(Z)/Sro
=0.

The last term of Eq. (21} is the van der Waals
interaction between halogen ions, where c«(de-
rived from the approximate London formula~')
takes the values 88 ~ 10 "Jm' for chlorides and
160 X 10 "Jm' for bromides. ' The total Coulomb
energy can be expressed via the effective Madelung
constant a™„=a„+6 a„, where n„ is the point ion
Madelung constant and 6 n„ the correction due to
dipolar interaction. "'

In the absence of trigonal distortion, the Made-
lung constant and the dipolar corrections practical-
ly take the same values in C6 and C19 structures, 44

so that Eq. (21) is valid for both lattice types. On

the contrary, the Coulomb energy is quite sensi-
tive to the trigonal distortion of the octahedral
cage and to the deviation of the e-to-a ratio from
the ideal value. Therefore the actual Madelung
constant, calculated for each crystal, must be
used. ' On the other hand, the trigonal distortion
has little effect on the halogen-halogen short-range
terms (Born-Mayer and van der Waals terms give
only a small contribution to the cohesion). Thus
we set g'= g"= g. For the van der %aals lattice
sum S„we use the value for the undistorted C19
structure 8,=14.454, which is just that for the fcc
lattice. "

B. Optical frequencies

In the framework of deformation. dipole model, "
the four optical frequencies of a C19 structure,
for q- 0 along the c axis and neglecting trigonal
distortion, are given by

M ar'(A, )=, + —,4b p't g @dan

0.0976''+ a p' a] a'
2

+ 2mZ* 0 + 2nZ* —+ P (22)a' a'
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M &u'(E )=, + —, 1-—e ' ' —24 —,-Z*'e' 2b 5p, &, c«
0 1959a'- n p' a a

2

~ %$Zg2 Woe g2 Wo

a' n-Z —+ Pa'

Z 8+2 2
g2 Woe

P~~(A2) =
0 O841 ~ tll 4 + Q„,

-Z 8 ~2 foe+2 2

p(0r(E„)=
1690 3

—tllZ ~ + Q„~

(23)

(24)

(25)

where M and g=M,M /(M, + 2M ) are the halogen
and the reduced mass, respectively, 2a—= a, + 2a
is the cell polarizability, and Z*e is the Szigeti
effective charge. Since, in absence of trigonal
distortion, the halogen sublattice is fcc, the above
expressions are readily obtained by observing that

(i) A«and E Coulomb and van der Waals terms
are fo-rmally equal to force constants of a rock-
salt crystal at the L point;

(ii) A,„and E„Coulomb terms correspond to
rocksalt force constants at the I' point. "

The dimensionless lattice sums m= 34.03 and g
= -126.8 for the metal-halogen pole-dipole inter-
action and halogen-halogen dipole-dipole interac-
tion, respectively, are taken from the. van der
chalk and Haas work as well as the expression for

the static dipole po
" Furthermore,

1 ~e ~o«obo 2''I
po ro )

(26)

g„(A„)= Sg, ,

y„(E,) = 2y, ,

(E.) = 44' —84,e

(27)

(2V')

(2V")

is the metal-halogen repulsive force constant. "
We note that the fitted metal. -halogen short-range

term incorporates in some way the two-body ef-
fects of covalency. However, covalency may con-
tribute also non-negligible three-body nearest-
neighbor terms which cannot be surrogated by any
short-range two-body force constant. In fact they
induce anisotropy between A„and E, modes and
between even- and odd-symmetry modes, whereas
the two-body force constants do not."" There-
fore in the following discussion the theoretical ex-
pressions of the q = 0 phonon frequencies shall also
include, as additional contributions, some typical
valence field terms, such as the angle-bending
force constants g, and p„, for each halogen-metal-
halogen triad forming a right angle. ~' " In this
case a three-body contribution p» given by

TABLE III. Input crystal data, effective and net charges, repulsive parameters, and nearest-neighbor tyro-body and
three-body force constants.

a
(A.)

-&o
(10 ~ J/mol)

Z
(e)

po
(A)

ln b"
10 J

84e
(kgs ')

NiCl2 3.543 4.435

MnCl2 3.686 4.414

Fecl2 3.579 4.365

Co C12 3.544 4.359

41.51

43.13

44.13

45.73

0.48 0.50 0.91
0.88

0.46 0,42 0.85
0.80
0.79
0.75

0.66 0.40 0.72
0.68

0.3293
0.3816
0.3028
0.3766
0.2664
0.3111
0.2008
0.2429

7.654
6.662
7.907
6.387
8 ~ 678
7.395

11.350
9.267

51.05
40.22
52.92
33 77
55.01
40.59
67.45
46.40

4.99

4.28

6.09

6.39

1.27

0.21

1.32

0.00

MnBr2 3.820 4.378

FeBr2 3.772 4.348

CoBr2 3.728 4.333

NiBr2 3.708 4.439

40.12

42.02

42.97

44.65

0.48 0.50

0.46 0.51

0.56 0.40

0.66 0.35

0.92
0.91
0.83
0.82
0.78
0.77
0.73
0.70

0.3564
0.3808
0.2815
0.2993
0.2330
0.2488
0.2149
0.2604

7.272
6.839
8.749
8.227

10.236
9.558

10.974
8.951

42.84
38.18
48.16
44.47
51.58
45.14
53.02
39.45

3.30

2.47

3.37

5.02

0.93

0.47

1.25

1.07

n (Cl-) = 2.974 A"
c~(Cl ) = 88 x 10 ~9 J m

0. (Br ) =4.130 A3

c~(Br ) =160&10 Jm
p= 0.3394 A ln ~) = 7.818b(C1 ) ln &&

= 8.571
b(Br-)

R. %. G. Wyckoff, Crystal 8tructures (Interscience, Ne~ York, 1972), Vol. 1.
Reference 7.
J. Shanker and M. P. Verma, J. Phys. Chem. Solids 17, 639 (1976).
J. R. Tessman, A. H. Kahn, and W. Shockley, Phys. Rev. 92, 890 (1953).' Average values over the series from Cr. to Ni halides (see Ref. 7).
Reference 43.
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is added to the nearest-neighbor force constant p„,
First we calculate the optical frequencies in the

two-body approximation. In this case the only
disposable parameters are Z and Z*. They are
obtained by a best fit of the four experimental fre-
quencies reported in Table III.

Furthermore, the calculated longitudinal A,„
frequency may be significantly larger than the ex-
perimental transverse A,„frequency obtained from
infrared absorption. In this kind of material,
however, the I O-TO splitting of the A,„mode is
usually small compared with the A,„frequency it-
self (less than 7/0), because of a compensation
mechanism of the dynamical anisotropy by the di-
polar forces."'""The fitted values of Z and
Z* and the corresponding p„b„nadp„are dis-
played in Table III, first row for each crystal,
with other crystal data.

The force constants which are directly calcu-
lated from crystal data, namely the Coulomb
(Pc), dipolar (P„), halogen-halogen repulsive
(P,„) and van der Waals (p„„~) force constants are
listed in Table I, together with the calculated
frequencies. We see that the agreement with the
experimental frequencies is rather good for all
crystals. Furthermore we obtain a quite reason-
able scale of ioni city, ranging from more than 90%%uc

for Mn dihalides to less than 75/p for Ni dihalides.
These ionicity values are in the same range as
those required in the crystal-field calculation by
Stout'4 (0.87 for MnC1, and 0.85 for MnBr, ) and

are consistent with the calculated free molecule
ionicities, "also decreasing from MnC1, (x = 0.79)
to NiC1, (x= 0.69). Particularly, the enhanced
covalency of Ni dihalides is in line with the con-
clusions of Wilson and Joffe,"who predict for
these crystals a metal-insulator transition.

The partial covalency of these crystals might
result in the existence of non-negligible three-
body force constants like those introduced in our
model. In order to have an idea on how large are
the three-body terms, we have performed an ex-
act fitting of the four experimental frequencies-
adding to Z* and Z the two unknown additional pa-
rameters pe and p„s.l The results of this second
fitting procedure are shown in Table III, second
row for each crystal. We note that the most im-
portant contribution comes from P„whereas p„e
is rather small, and &f&e increases from Mn to Ni
dihalides, in agreement with the behavior of co-
valency.
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count also the trigonal distortion. [A short account is
given in A. Frey and R. Zeyher, Solid State Commun.
28, 435 (1978).] In this work the numerical factors
occurring in the denominator of the Coulomb force
constants, for the specific case of PbI2 are 0.1027,
0.2049, 0.0909, and 0.1642 forA~~, E~, A2„(LO), and
E„(TO) modes respectively. These values differ from
those for the ideal CdC12 structure, appearing in Eqs.
(22)-{25), only by 3% to 7%. Since the maximum con-
tribution of the Coulomb term is usually not larger than
15% of the total force constant, Eqs. (22)-(25) are seen
to give also the frequencies of C6 lattices within less
than 0.5%. Therefore they can be conveniently used
for both C6 and C19 structures.
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