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The polarized optical absorption spectra of the 1D manganese
(I fluoride TL,MnF;-H,O are investigated in the 9.5 ~300 K
temperature range. Throughout the work, special emphasis is
placed on the correlation between the different spectroscopic pa-
ramcters and the structural and magnetic propertics of the title
compoumnd. Three prominent, strongly polarized broadbands are
observed at 11,700, 17,500, and 20,800 cm ™!, which are assigned
to the spin-allowed crystal field bands within the d* electronic
configuration of the Jahn-Teller elongated MnF;~ complex (D,,).
Both the polarization and the temperature dependence of the oscil-
lator strengths indicate that these bands are electric-dipole-assisted
by odd parity vibrations, whereas the spin-forbidden transitions
are induced by a pairwise exchange mechanism. A salient feature
of the present work is the observation of vibronic progressions to
a, modes of 525, 505, and 375 cm ™ Lin the low temperature spectra
of the *B,, - A, and B, bands. The nature of these modes and
the experimental Huang-Rhys factors are analyzed in terms of
the linear electron—phonon coupling coefficients, which are derived
by correlating the optical spectra of several fluorides with the local
geometry around the Mn(III). The presence of an exciton magnon
peak in the low temperature spectra is also noteworthy. The tem-
perature dependence of the intensity of this peak as well as of the
spin—forbidden transitions provides evidence of magnetic ordering
below Ty = 28 K and allows us to estimate an intrachain exchange
constant of J = 11 cm™!.  © 1994 Academic Press, Inc.

1. INTRODUCTION

The family of mangancse (I11) fluoride crystals offers
awide variety of structural and magnetic propertics which
have been studicd extensively in order to cslablish magne-
tostructural correlations (I—14). Their crystallographic
structure and particularly their dimensionality arc greatly
influenced by the chemical stoichiometry, favoring the
formation of chains [MnF,F,;,] or layers [MnF,F,,} of
the F-shared MnF; ™ octahedra depending on whether the
formulais A,MnF; (or BMnF;) (8-11) or AMnF, (7, 12-14)
(A and A are mono- and divalent cations, respectively).
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In A;MnF, (or ABMnF,), a network (hereafter called 0D)
of isolated MnF}~ octahedra is formed (15-17). In all
cases, the MnF; octahedra display elongated D, type
distortions due to the Jahn~Teller (JT) effect of the Mn
(I1D) (& high spin configuration) which appear enhanced
in low-dimensional systems by crystal anisotropy. This
situation is clearly evidenced by comparing this distortion
in different crystal families. If we denote such a distortion
by the paramecter x;, defined as x = (R, /R, — 1, with
R, and R, being the axial and equatorial Mn-F distances,
then xp decreases with the dimensionality and has values
of0.17,0.14, and 0.09 for 2D KMnF,(13), 1D (NH,),MnF;
(10), and 0D Na,MnF, (17), respectively.

This anisotropy at the manganese site, together with
the type of bridging among MnF:~ octahedra, has a large
influence on the magnetic ordering of these systems,
which can be ferromagnetic (I, 18), weak ferromagnetic
(19), or mostly antiferromagnetic. In this respect, it is
worth mentioning the investigations carried out on the
A,MnFs- H,0 family of linear [MnF,F,;,] chains whose
range of Mn—F-Mn bridging angles and Mn—Mn distances
allowed a clear correlation to be established between
structural parameters and the intrachain exchange con-
stant (4-6, 9, 20-25).

To date, few studies have altempted to correlate the
optical spectra of these materials with their structural and
magnetic properties. In fact, most of the optical studies
have been performed using diffuse reflectance on powder
samples where the fine features of the optical spectra are
usually missed (1, 26-30).

The aim of the present work is to investigate the optical
propertics of the 1D TI,MnF; - H,0 crystal. Emphasis has
been placed on the d* intraconfigurational transitions of
the Mn (I1I), which are highly polarized by the large distor-
tion of the MnF, octahedra (x, = 0.136). This aspect is
clearly evidenced by the strong dichroism exhibited by
these crystals, in which the color varies from purple to
yellow-green depending on whether the electric vector of
the polarized light is perpendicular or parallel to the chain.
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The synthesis of good optical-quality single crystals al-
lowed us to investigate aspects which are not usually
studied in these Mn (II) compounds. In particular, the
temperature dependence of the osciliator strengths of both
the spin-forbidden and spin-allowed electric-dipole transi-
tions and the electron—phonon couplings have been ana-
lyzed in detail. Attention has also been paid to the sharp
features observed at low temperatures in the region
of the spin-forbidden transitions, which in the case of
the isoelectronic Cr?* ion in the insulating ferromagnet
K,CrCl, are known to be very sensitive to the magnetic
ordering (31). A salient result of this work is the correla-
tion we have established between the transition energies
of the crystal field bands and the local geometry around
the Mn (III). This 1s relevant in explaining the elec-
tron—phonon couplings experimentally observed in the
title compound.

2. EXPERIMENTAL

2a. Synthesis of ThMnF, - H,O and its Crystallographic
and Magnetic Structures

Single crystals of TL,MnF;- H,0 were grown from cold
solutions of Mn(III) and TII) fluorides in hydrofluoric
acid following the method reported elsewhere (9).

This solid is orthorhombic (Cmcm space group) with
lattice parameters a = 9.688 (2) A, b = 8.002 (1) A, and
¢ = 8.339 (1) A at room temperature. As is shown in
Fig. 1, the structure consists of linear chains of trans-
connected [MnF, F,,,] octahedraalong the ¢ direction. The
octahedra display a nearly D,, symmetry. The axial and
equatorial Mn—~F distances are 2.082 and 1.832 A&, respec-
tively. The equatorial distance actually corresponds to
the average of the 1.818 and 1.845 A Mn-F distances
along the a and b directions, respectively.

It is worth noting that the Mn—F-Mn angle, 8 = 179.2°,
is close to 180°, which is important for polarized optical
studics. The water molecules lie in (100) planes with the
twofold axis perpendicular to ¢, and connect two neigh-
boring octahedra of the same chain, forming zigzag rows
parallel to the octahedral chain, as is shown in Fig. 1.

Magnetic and neutron diffraction measurements indi-
cate that Tl,MnF; - H,Ois antiferromagnetic with an intra-
chain exchange constant, J = 15 cm™', A 3D magnetic
ordering with the spins parallel to ¢ occurs below Ty, =
28 K.

2b. Optical Absorption Spectra

Single crystals of about 1 x 0.5 % 0.2 mm® with elon-
gated parallelopipedal habits along the ¢ direction were
used for the optical absorption (OA) spectra. Spectra were
recorded with a Lambda 9 Perkin-Elmer spectrophotom-
eter equipped with Glan Taylor polarizing prisms. The
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FIG. 1. Nuclear and magnetic structures of the TLMnF; - H,O crys-
tal. Octahedra, arrows, and large circles represent MnF3~ units, Ma(Iil)
spin direction, and TI(I) ions, respectively.

polarized light propagates perpendicularly to ¢ with E
parallel (7) or perpendicular (o) to the chain (c direction).

The temperature was stabilized to within 0.05 K in the
9.5-300 K range with a Scientific Instruments 202 closed
circuit cryostat and an APD-K controller,

Infrared spectra in the 220-4000 cm ™! range were ob-
tained with a Nicolet 710-FT IR spectrometer. Suitable
KBr pellets of Tl,MnF,-H,0 and Na,MnF; powders
were used.

Transition cnergies have been calculated by means of
the program package of Yeung and Rudowicz {32}, kindly
provided by the authors through J. A. Aramburu.

3. RESULTS

Figure 2 shows the polarized QA spectra at 298 K of
single crystals of TI,MnF; - H,O in the 4000-28,000 cm ™!
range. The variations of optical density between 15,000
and 20,000 cm ~! are responsible for the marked dichroism
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FIG. 2. Polarized OA spectra of the TLbMnF;- H,O crystal at T =
297 K.
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FIG. 3. Temperature dependence of the 1 polarized OA spectra.

exhibited by this crystal. For comparison purposes, the
OA spectrum of a Na,MnF, powder is included in the
inset. This comparison 1s of particular interest for clarify-
ing the contribution of the water molecules to the OA
spectra of Tl,MnF;- H,0.

The bands at 5000, 6450, and 17,500 cm ! are com-
pletely polarized either = or o, while the bands at 11,700
and 20,800 cm ™! appear in both # and o polarizations.
The intensity of the 11,700 cm ™! band is higher in 7 polar-
ization, while the opposite occurs for the 20,800 cm™!
band. There are narrow bands at 19,500 and 23,500 cm ™!
which are only observed in the  spectrum. It is interest-
ing to observe the extremely large bandwidth of the 11,700
cm~! band, # = 4200 cm ', in comparison to those of
the 17,500 and 20,800 cm~! bands, for which the band-
widths at room temperature are about 2000 and 3500
cm™!, respectively.

The temperature dependence of the # and o spectra is
illustrated in Figs. 3 and 4. The low temperature spectra
of the 6450 and 5000 cm~! bands are shown in Fig. 5.
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FIG. 4. Temperature dependence of the o polarized OA spectra.
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FIG. 5. Polarized OA spectra in the 4000-7000 cm ™' range at T =
9.5 K and 297 K. For the sake of clarity, the low temperature spectra
have been displaced.
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The origin of these bands is discussed separately in the
appendix. The most relevant features of these tempera-
ture-dependent variations are summarized in the follow-
ing points.

(1) The integrated intensity of the 11,700, 17,500, and
20,800 cm™! broad bands decreases continuously upon
cooling. By contrast, the intensity of the narrow bands
at 19,500 and 23,500 cm~' is almost unaffected in the
whole 9.5-300 K temperature range. The corresponding
intensity variations, I(T), are depicted in Fig. 6. Actually,
we represent the transition oscillator strengths, f(T),
which are related to I(T) for ED transitions through the
equation (33)

1018 x 10 g
A= N (n?+2)?

1 (1), (1]

where I(T) = [0 K(E) dE; K(E) is the absorption coeffi-
cient (cm™1), E the wavenumber {cm~"), N = 6.19 x 10?!
cm™?, and n = 1.67 is the refractive index measured by
the Becke line method.

It should be noted that f(T) for the 11,700 cm ' band
increases about twofold in both polarizations on going
from 9.5 to 300 K. Although this temperature dependence
is difficult to obtain for the 17,500 and 20,800 cm™!
broadbands because of their large overlap, we have
roughly estimated their respective integrated intensities
in both polarizations by fitting the OA spectra in the
16,000-25,000 cm ! range to the sum of two gaussians.
This analysis shows that the area of the individual gaussi-
ans at 300 K is also about twice the area at low temperature
for both bands and both polarizations. Figure 6 also shows
the temperature dependence of the bandwidth H(T) of
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FIG. 6. (Top) Temperature dependence of the bandwidth and peak

energy of the °8,, — *4,, band at 11,700 cm ™' in  polarization, Solid
line is the fitting of the bandwidth to the equation H(T) = Hy[coth{hw,/
2K5T 1Y with Hy = 3700 cm ™" and fiw = 460 cm~ . (Middle) Variation
of the oscillator strength of the SBM - 5A13 band in the o and = polariza-
tions. Solid lines are fittings to Eq. [2]. (Bottom) Variation of the oscilla-
tor strength of the two *B(,— *B,, narrow bands in = polarization. Solid
lines are fittings to Eq. [3] for J = 11 em~! and f(0) = 2.0 x 107 %and
1.5 x 107" for }B, and }B,,, respectively.

the 11,700 cm~! band, which was obtained from the sec-
ond order moment M2 through H = 2,36 VM2, as well
as the variation of the first order moment MT.

(2) A rich vibrational structure is observed in the 11,700
and 17,500 cm~! bands at low temperatures. The broad-
band at 11,700 cm™! displays a large progression with an
average vibrational spacing of 525 cm ™! in the 7 spectrum
at T = 9.5 K (Fig. 7). Such a progression is clearly seen
in the second derivative spectrum, where 16 components
formed from the origin at £, = 7240 cm ! are detected.
Actually, these components are not equally spaced but
their energies, £,, fit to the formula: £, = 7240 + 543 n
— 1.21 #2, which gives evidence of anharmonic effects,
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FIG. 7. Vibrational structure of the °B,, — °A,, band at T = 9.5
K. Figures at the bottom and the top show the 7 spectrum and the
corresponding 2nd derivative spectrum. Vertical lines in each compo-
nent of the progression represent the Pekarian intensity distribution
according to Eq. [4].

The intensity of nth-component of the progression can be
described well by a Pekarian distribution, I(E, + nhw) =
I,$"/nl, with § = 9.0,

Below 100 K, another progression of 435 cm ™! is ob-
served in the 17,500 cm ! band in o-polarization, although
in this case it shows a more complex structure and only
four components are detected. Just below 30 K, a rich
fine structure appears upon this progression. Figure 8
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FIG. 8. Vibrational structure of the °B,, — °B,, band at T = 9.5 K.
The o spectrum shows the first 1000 cm™! above the origin at E; =
16,586 cm™". Spectral resolution AX = 0.8 A. The inset shows the whole
band (spectral resolution Ak = 3 A). In both spectra, vertical lines are
placed at energies E(ny, ny) = E; + 375n; + 505n,, associated with
the transition between vibronic states 5Blg (0, 0) and sBzg {r,, n;). The
vibrational energies of the coupled modes are 375 and 505 cm ™', respec-
tively.
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FIG.9. Temperature dependence of the o polarized *B,, — *B, band
around the electronic origin. The corresponding 7 spectrum at T = 9.5
K is also included. Spectral resolution Ax = 0.8 A. The inset shows
the variation of the absorption coefficient at 16,586 and 16,572 cm ™’
in the 9.5-50 K range. The solid line below 25 K represents a T°-
type behavior.

shows the spectrum at T = 9.5 K above the origin of this
band. A noteworthy feature of this spectrum is the sharp
peak (H = 10 cm ') observed at £, = 16,586 cm ™! in the
origin of this band. The weak peak structure extending
over 100 ¢cm™! above this origin is probably associated
with low energy lattice modes. This structure is also repro-
duced in the two sharp peaks located 150 and 200 cm ™!
above the origin as well as in the more prominent peak
at 375 cm~!. A phonon sideband corresponding to the
first component of the progression is formed from the
origin. The sharp features of this band are observed as
replicas of this E, origin and their positions can be de-
scribed through vibrational spacings of 505 and 375 cm ™!
by the equation E(n,, n,) = E; + 375n, + 505n,, where
n; and n, are integers. Similar replicas formed from the
sharp peaks at £, + 150 and E, + 200 cm ™' can be guessed
from the spectrum of Fig. 8. The inset shows this structure
along the whole band.

A salient feature of the sharp peak at 16,586 cm ™' con-
cerns its intensity temperature dependence (Fig. 9). The
presence of an isosbestic point at 16,583 ¢m ! probably
indicates that hot components arise on the low energy
side of this peak. However, such components could not
be resolved spectroscopically. The variation of the ab-
sorption coefficient is represented for two energies above
and below the isosbestic point in the inset of Fig. 9. In
both cases, the variation reflects anomalies at 25 K. Phe-
nomenological trials fail to explain the thermal depen-
dence of the 16,586 cm ™! peak intensity when using Ar-
henius plots, but a T*-type dependence accounts well for
the experimental behavior below 25 K.
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The temperature dependence of the 7 polarized narrow
bands in the 9.5-61 K range is illustrated in Fig. 10. The
23,500 cm~! band shows a fine structure with three peaks
at 23,320, 23,560, and 23,730 cm~! and bandwidths of
about 70 cm !, At variance with the sharp line at 16,586
cm !, the intensity of these peaks is not significantly af-
fected by temperature. Only a broadening and a small
redshift of about 20 cm ! are observed in this temperature
range. Similar features are found for the narrow band at
19,500 cm~!. However, the variation of the halfwidth,
H,,(T), of the sharp peak at 19,600 cm™' also shows
anomalies at T = 25 K (inset of Fig. 10).

Finally, the room temperature infrared spectra of both
TL,MnF; - H,0 and Na,MnF; in the 4000-220 cm ™' spec-
tral range are depicted in Fig. 11. The peaks at 1648,
3273, and 3375 cm ', only observed in TI,MnF; - H,0, are
associated with water absorption. Both spectra display a
similar structure below 700 cm 1, although it is less com-
plex in the case of TL,MnF;- H,0 with four peaks at 686,
554,395, and 277 cm ™.
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FIG. 10. Temperature dependence of the 7 polarized 5B|g - gBlg
and }B,, narrow bands in the 9.5-61 K range. The inset shows the
variation of the halfwidth of the 19,600 cm ™! peak with the temperature.
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FIG. 11. Room temperature infrared spectra of T;MnF; - H,0 and

Na,MnF; powders in the 220-4000 cm ™! range.

4. ANALYSIS AND DISCUSSION

4a. Assignment of the Optical Absorption Spectrum

The structureless room temperature OA spectra of
TlLMnFs- H,O (Fig. 2) are very similar to those observed
in other bi- or trimetallic manganese (IIT) fluorides. Table
1 reports the band assignment for TL,MnF; - H,O and for
several crystals of the A;MnF,, A,MnF;, and AMnF, fami-
lies, together with some relevant structural data.

Within a ¢* electronic configuration, there are three
possible spin-allowed e¢lectric-dipole (ED) transitions in
elongated MnF}~ complexes (D, site symmetry). These
transitions involve electronic jumps from the one electron
dy2_p, d,, and d,, or d,, orbitals to the unoccupied
d2_,» one electron level. As indicated in Table 1, the
broad bands at 11,700 (g), 17,500 (e,), and 20,800 (e,)
cm™! of TI,MnF; - H,0 are assigned to transitions from
the ground °B, . clectronic state to the excited spin quintets
°A,, *By,, and °E,, respectively, following the scheme of
Fig. 12.

The transition energy e,, which only depends on the
equatorial ligand field, gives the 10Dg(eq) parameter di-
rectly, hereafter called simply 10Dg, while A, = £, and
A, = e; — g, represent the tetragonal splitting of the parent
°E, and *T,, octahedral states, respectively. These param-
eters are related to the tetragonal crystal field parameters
D, and D, (or e, and e, within the orbital angular overlap
model) through the expressions included in Fig. 12 (33).
Within the crystal field model, 10Dg is equivalent to an
octahedral crystal field splitting but taking the equatorial

375

distance, R,;, as the octahedral metal-ligand distance
(26). Thus, 10Dgq varies as R;; within this model. Values
of 10Dg, A,, and A, for different MnF,*~ complexes have
also been included in Table 1.

A salient feature which can be inferred from Table 1 is
the sensitivity of &, to the tetragonal distortion of the
MnF}~ octahedron. In fact, while &, (10Dg) lies between
17,500 and 18,500 cm ! for all crystals, &, is around 9000
cm~! for the A,MnF; compounds, 12,000 cm ! for
A,MnFs, and 15,000 cm™! for AMnF,. This simple result
allows us to establish a first correlation between optical
and structural properties, i.e., between A, and the crystal
dimensionality. It is difficult to make this correlation for
10Dg since accuracies in &, of less than 300 cm ™! are hard
to obtain due to the large overlap between the sBlg — SBzg
and °B,, — °E, bands. However it is worth pointing out
that the variation of 10Dg throughout this series (1000
cm™ ") is much smaller than is expected on the basis of
the 10Dqg dependence on R;P with p = 5. If such a depen-
dence is assumed, a redshift of about 3000 cm ! should
be found on passing from TIMnF, (1.82 A) to Na;MnF;
(1.88 A). An exponent p smaller than 5 could account

MnF -
24000 - *hag wPig 6 =
2e (L) - e ()]
At 3D _-5D
18000 |- st N
1\
B | |
2
S 12000 |
% A
Z 10Dq
23 - 4
A, 3e (L) -4e (L)
6000 .
2e @) -e (2)]
i 4D+5D, i
o L ¥ \ ]
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FIG. 12. Energy level diagram of the MnF;~ complex (high spin &

electronic configuration) with elongated D, symmetry. The energies
have been calculated using the same parameters given in Table 2. Ex-
pressions relating the tetragonal splitting A, and 4,, as well as 10Dg,
with the crystal field parameters, D, and D,, and the atomic angular
overlap parameters, ¢, and e, are included. Symbols L and z denote
equatorial and axial ligands, respectively.
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TABLE 1
Experimental Transition Energies and the Corresponding Tetragonal (A, and A,) and 10Dg Parameters of
Different Manganese(III) Fluorides

Compound B, —°E, ‘B, (10Dg) A, (4,) By, —’E, (4) R, R, (Reg) Xp Ref.
K;NaMnF; 19,500 17,500 9,000 2.000 2.06 1.86 1.86 0.108 (18, 26)
Na,MnFy 19,200 17,600 8,400 1,600 2018  1.862 1.880  0.074 (17, 1]
1.897

(NH,),MnF; 21,000 18,200 12,750 2,800 2.091  1.838 1.840  0.136 {10, 27)
1.842

TL,MnF; - H;0 20,800 17,500 11,700 3,300 2.082  1.818 1.832  0.136 [9]
1.845 Present work

Na;MnF; 21,000 18,000 12,500 3,000 (1) 2.114 1841 1.845  0.146 (11, 26]
1.849

{2) 2.103  1.829  1.85] 0.136 [}

1.872

RbMnF, 22,500 18,500 15,500 4,000 2.154  1.882 1.844  0.168 [3, 11
1.805

KMnF, 22,300 18,300 15,400 4,000 2155  1.87 1.835  0.174 {13, 1]
1.80

CsMnF, 22,000 18,000 15,500 4,000 2162 1.860 1.841 0.175 [13, 1]
1.821

TIMnF, 22,000 18,200 14,500 3,800 2,146  1.86 1.82 0.179 [14, 1]
1.78

Note. Ry, , R, and {R.;} denote the axial, equatorial, and averaged equatorial F-Mn distances, respectively. xp is the tetragonal parameter
of the MnF}~ complex. The optical and structural data of each compound were taken from the first and the second reference, respectively. The
two types of MnF;~ complexes in Na;MnF; are indicated. Units in cm™* and A.

for the experimental 10Dg values in MnF;~, although
R dependencies with p = 5 have been found through
theoretical calculations in several octahedral transition
metal complexes (26, 34-36) and experimentally verified
for MnF{~ complexes in Mn** doped fluoroperovskites
(37-39).

A precise structural correlation can be made for A, and
A, since there are important variations of these parameters
along the crystal series shown in Table 1 and the local
structure of the MnF;~ complexes is known from crystal-
lographic data. In this respect, Fig. 13 shows the variation
of A, and A, with the tetragonal parameter xp. Linear
relations g, = A, = 8.8 X 10*x; and &; — &, = A, =
2.2 x 10% xp are derived from these plots. Note that the
ratio A,/A, = 4 indicates that there is a larger contribution
to the splitting of the parent *E, and °T, octahedral states
from the ¢ bonding interactions of the ¢, 3z — 7, x* —
y%) orbitals than from the 7 bonding interactions due to
the t,, orbitals. Similar effects are observed in tetragonal
compressed CuF¢~ (&%) complexes formed in K,ZnF, (40)
and Ba,ZnF,(41), although the ratio A /A, ~ 3 is somewhat
smaller than for MNF?~. Such a reduction must be mainly
associated with A, rather than with 4,, as has been con-
cluded from the spectroscopic data available for CuF¢-
systems (26, 42). In fact, while £, presents a variation
from 7500 to 5800 cm™' between the elongated CuF,
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FIG. 13. Variation of A, and A, with the tetragonal parameter, xy, =
R, /Ry — 1. Experimental points correspond to the manganese (III)
data piven in Table 1. The straight lines, A, = 8.8 x 10*x, and A, =
2.2 x 10*xp (in cm™") are the least-square fittings.
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(xp = 0.18) and the compressed CsAICuF, (x, = —0.12),
respectively, the values of A, vary over a narrower range
between 2000 and 3000 cm ~! (Tables I and IIT of Ref. (26)).
In line with the discussion in Ref. (41), the enhancement of
the A, splitting with respect to A, that we have observed
could reflect a weaker ¢ axial interaction between the a,
(322 — r?) orbital and the metal a), (45) orbital in the
MnF;~ complexes.

In any case, the present results show that g, provides
useful information not only for discerning the 0—, 1—, or
2D character of the MnF{~ network in these compounds,
but also for making a first estimation of the R,,/R,, ratio
of MnF?~ complexes.

The w-polarized narrow bands appearing above 19,000
cm™! (Fig. 2) are assigned to spin-forbidden transitions
from the Sle ground state to spin-triplet states within
the d* configuration. Their polarization and temperature
dependence allow us to analyze the transition mechanism
as well as to confirm the assignment given in Table 2.

Transition energies have been calculated by diagonaliz-
ing the Tanabe-Sugano matrices within D,, symmetry
including the spin—orbit interaction. The energy diagrams
of Fig. 12 and Table 2 show the results of these calcula-
tions. Two relevant facts should be pointed out: (1) the
experimental peaks at 19,500 and 23,300 cm ™! observed
m polarization are close to those corresponding to the
°B,, — *.B,, and *,B, transitions, while the o polarized
shoulder at 21,700 cm™! is near to the °B,, — *,E, or

TABLE 2
Band Assignment and Calculated and Experimental Transition
Energies and Oscillator Strengths of the OA Bands of the
TLMnF; - H,0 Crystal for 7 and o Polarizations at T = 297 K

¢ Polarization 7 Polarization

Cale,
Assignment  energy Energy f(x 10°)  Energy f(x 109
B, — ‘A, 1,700 11,600 10 1700 7S
LE, 12769 — —
LAy 14,583 — —
By, 17,500 17,500 ~3.5 — 0
B, 19,585 19,500 0.32
E 20,800 20,300 20,800
' b} r —~— ' -~
21,100 40 a0 B
YAy, 20,666 — —
LA 273 21700 (D)
VE, 22,095
“B, 23,307 23,500 0.22

Nate. The calculated energies have been obtained using the crystal
field parameters D; = 2143 cm™!, D, = 626 cm™!, and 10Dg = 17,500
cm™!'; the Racah parameters B = 780 cm™! and € = 3400 cm™!; and the

Trees parameter a = 70 cm™'.

mn

3,A , transitions; other possible transitions to triplet states
are not observed in the OA spectra; (2) suitable values
of the zero-ficld splitting parameter, D, for the °B,,, °A,,,
and ‘B, states are obtained from their respective
spin—orbit splitting. The calculated values are — 4.6, 8
and 5.0 cm ™!, respectively, for a spin—orbit interaction
constant of { = 380 cm™'. Note that the negative value
of D found for °B,, reflects the existence of an important
magnetic anisotropy which plays a relevant role in the
magnetic ordering with spins aligned along the ¢ direction
in TLMnF; - H,0.

4b. Polarization and Temperature Dependence:
Transition Mechanisms

4bl. Spin-allowed transitions. The polarization and
the temperature dependence of the oscillator strength of
the crystal field bands in transition metal complexes are
closely related to the transition mechanism. In centrosym-
metric complexes, all ED transitions are parity-forbidden
and also spin-forbidden if the involved states have differ-
ent spin multiphcities.

The parity-forbiddenness can be relaxed by noncentro-
symmeltric distortions of the crystal field, which can be
either static or dynamically induced by odd parity vibra-
tions. In the latter case, the transition oscillator strength
increases with temperature following a behavior: f(T) =
3f; coth (hew,/2K;T), where f; is the oscillator strength at
0 K induced by the " odd parity vibration of energy fiw,;.
The summation extends over all odd moedes enabling ED
oscillator strength. In noncubic systems, these transitions
are polarized according to the symmetry of the vibra-
tional mode.

The °B,, — °Ay,, °B,,, and °E, transitions of the D,
symmetry MnF:~ complexes are clear examples of this
behavior. In the present situation with a linear chain of
transconnected MnF3~ distorted octahedra, there are six
possible odd parity modes: three modes with ¢, symme-
try, two a,, modes and one b,, mode. The a,, modes
involve symmetric and antisymmetric stretching motions
of the axial Mn—F bond while the corresponding two e,
maodes involve similar motions in the equatorial plane. The
remaining e, and b,, modes correspond to antisymmetric
bending of the F-Mn-F bonds in the equatorial plane
(b,,) and also along the chain (¢,). According to the analy-
sis given in Ref. (27), ED vibronically induced transitions
from the °B,, ground state are polarized either 7 or o,
depending on whether the product°B,, x T, x °T", contains
the ED operator irreps. a,, or e,, respectively. In this
product, T, and °T, are the symmetries of the vibration
and of the electronic excited state, respectively. There-
fore, the °B,, — °A|, transition should be = polarized
through the b,, mode and o polarized through the three
e, modes, Transitions to SBZR would only be ¢ polarized
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through the three ¢, modes. Finally in the °B,, — °E,
transition, the e, modes should induce = polarization,
while the two a,, and the b,, modes contribute to the o
polarization. These simple analyses can explain reason-
ably well the polarization behavior of the spin allowed
transitions of Figs. 2, 3, and 4. In particular, it is worth
noting the absence of the °B,, — 3B, band in the = spec-
trum according to the present analysis. Moreover, the
fact that the oscillator strength of the first °B;, — °A,,
band in 7 polarization is about twice that in o polarization
clearly suggests that b,, is the most efficient enabling
mode in spite of the fact that three e, modes should be
involved in o polarization. This also seems to occur in the
’By, — *E, band, for which the higher oscillator strength is
observed in the o spectrum where the b,, mode is in-
volved. This result confirms that bending modes are more
efficient for driving ED oscillator strength, as it is usually
observed in octahedral systems such as Cs,NaYCl,: Cr’~
(45), K,NaGaF:Cr’* (46), Rb,KGaF,:Cr** (47),
LiCaAlF,: Cr®" (48), and KMgF,: Mn?" (49) where the
parent f,, mode, with Aw, ~ 200 cm™! in fluorides, is
always involved in the transition mechanism,

The vibronically induced ED character of these transi-
tions is also confirmed by the temperature dependence of
the oscillator strength following hyperbolic tangent type
behaviors. Solid lines in Fig. 6 represent the fitting to

f(T) =, coth(hw, /2K, T). (2]

The fitting parameters are f, = 1.5 x 107% and 3.7 x
107, and #w, = 200 and 165 cm™~! for o and 7 polariza-
tions, respectively. This latter vibrational energy must
necessarily correspond to the b, mode in view of the
previous analysis. Similar Aw, values are expected for
the °B,, and E, bands in both polarizations, taking into
account the estimated room to low temperature intensity
ratios. In addition to reflecting the effectiveness of the
b,, mode, the present data also show that the ¢, mode
corresponding to the octahedral £, is actually the most
efficient among the ¢, modes. This conclusion is based
on the fact that the experimental temperature dependence
is described well simply by using Eq. [2] with a vibrational
frequency, fim, = 200 cm ™', close to that of the b,, mode.
Moreover, the values fiw, = 200 and 165 cm ! agree with
those expected for the lowest frequency e, and b,, modes
and confirm that no other vibrational modes are involved
in the transition mechanism because their frequencies
would lie well above 200 cm~'. The comparison of the IR
peaks of Fig. 11 with the frequencies of several octahedral
fluoride complexes supports this view.

Vibrational energics around 500-600 cm™' for a,, and
ti}, 400-500 cm ! for e,, 300-400 cm~! for #,%, and
100-200 cm™" for f,, are found in [AIF*~, [FeF]’~,
[CrFgl*~, and [VF¢]*~ (46-51). Among these, only the ¢,
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modes (a,, + ¢, in D) are IR active. Consequently, the
peaks observed in the IR spectrum at 686, 554, 395, and
277 ¢m~! should correspond to the a,, + ¢, modes of the
IMnF,F,,,]” chain, given that a similar peak structure is
observed in Na,MnF;. The highest frequencies at 686 and
554 cm~! are assigned to a,, and e, modes, respectively,
coming from the octahedral #,,'. In this assignment we
assume thal the axial Mn-F force constant is greater than
the corresponding equatorial one in spite of the fact that
the axial Mn-F distance, R, (2.082 A), is higher than the
equatorial distance, R, (1.832 A). Such a hardening of
the axial Mn-F bond should be expected due to the pres-
ence of neighboring Mn** ions along the chain.

It must be noted, however, that the energies of the a,,
and b,, (t,,") modes for Tl,MnF;- H,O and Na,MnF; are
considerably higher than those of the MF}~ complexes,
but they compare well with those found in tetra- or penta-
valent ion complexes like VF; (676, 538, 646, and 300
cm™'), MnF2~ (592, 508, 620, and 335 cm™"), or NiF3-
(555, 512, 648, and 332 cm™'); the numbers in parentheses
correspond to the a,,, e,, 1,,', and ¢,,? vibrational energies,
respectively (50). According to the previous arguments,
the peaks at 395 and 277 cm ! should be associated with
the a,, and ¢, modes coming mainly from the octahedral
t,,2 mode, thus confirming that none of these modes would
be involved in the transition mechanism. Within this
scheme, the octahedral a,, amd e, vibrational energies
(a,, and a;, + b,, in D,,) would lie between 550-700 cm ™!
and 500-350 cm !, respectively. These estimates will be
important in the analysis of the vibrational progressions
in Section 4c.

4b2. Spin-forbidden transitions. There are two likely
transition mechanisms for explaining the EIr nature of
the spin-forbidden transitions. The first mechanism is the
spin—orbit interaction which can connect quintet and trip-
let states, together with the odd parity vibronic mecha-
nism. The second one is the pair mechanism, only possible
in exchange coupled systems (32, 53).

Considering our spin—orbit calculations and the results
of Table 2, the first mechanism must be ruled out because
the spin—orbit mixing coefficients between triplets and
quintets would give rise to oscillator strengths at least
two orders of magnitude less than the oscillator strengths
of the spin-allowed transitions. Furthermere, their tem-
perature dependences (Fig. 6) cannot be explained by the
vibronic mechanism of Eq. [2].

On the other hand, this type of variation, also found
in 1D antiferromagnetic compounds, is characteristic of
exchange induced pairwise transitions (54, 53). Selection
rules for pair transitions can be derived for the present
case considering the F;MnFMnF; dimer of D, symmetry
by using the same procedure as Day and Dubicki to ex-
plain the polarization of the Mn (II) crystal field bands
TMMC, CMMC, and CMCB (55). Pair states are formed
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with symmetric and antisymmetric combinations of the
total spin plus orbital products of single ion states, The
ground state *B(1) X B, (2) gives rise to pair states of
YAz A1, *Ass 'Ay,, and °A,,. Consequently, ED transi-
tions are allowed to pair states of either A, (or A;,) or
E, (or E,) depending on whether the light electric vector
is parallel () or perpendicular (o) to the fourfold axis of
the dimer. Excited pair states having these symmetries
are found for *B,, x °B,, and 3E, x °B,,, respectively,
with spin values § = 1, 2, and 3. ED transitions to the
single ion *A, states would aiso be allowed by this mecha-
nism if we took into account the actual D, symmetry of
the [MnF,F,,;]* chain.

The present selection rules are in agreement with the
assignment given in Table 2. Moreover, the small shoulder
observed in the spectrum at 21,700 cm ™’ could be associ-
ated with either the °B;, — *,E, or the °B;,— °,A,, transi-
tions, although we are not able to determine which mecha-
nism, the exchange or the spin-orbit interaction, accounts
for it.

The temperature dependence of the oscillator strengths
of the °B,,— 3 B, and °B,,— * B, bands (Fig. 6) confirms
the exchange nature of the transition mechanism. The
variation f(T) due to this mechanism, calculated theoreti-
cally several years ago by Ebara and Tanabe (54) for
antiferromagnetic linear chain complexes using the classi-
cal approximation §; — %, is given by

__Y© -
£T) (25_1)[5(0 ) 5

" ASUS+ 1)+ 25 - HUV
pAY ’

where f(0) is the 0-K oscillator strength, U = coth V —
1/v, Vv = 2J5(5 + 1)/KT, § is the spin, and J (<0) is
the intrachain exchange constant. This kind of variation
accounts well for the observed intensities using § = 2 and
J = 11cm™". This value of J is similar to that obtained from
magnetic measurements J = 15 cm™' in TL,MnF; - H,0.
However, it must be pointed out that in the present case,
J has been obtained with the condition that Eq. [3] has
the intensity maximum at T,; = 80 K. In any case, the
optical techniques prove to be useful for obtaining suitable
values of J from the temperature dependences of the spin-
forbidden transitions.

4c. Vibrational Structure; Analysis of the
Huang-Rhys Fuctors

A noteworthy result of the present work is the observa-
tion of two vibrational progressions of 525 and 435 cm ™!
in the °B,,— A, and °B,, bands at Jow temperatures. The
latter progression actually corresponds to the envelope of
two coupled a,, modes of 375 and 505 cm™! as it is evi-
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denced by the fine structure of Fig. 8. The number of
vibrational quanta involved in each progression clearly
indicates that the eiectron—phonon coupling in the °A, ¢
state is much stronger than in the 5323 state. This conclu-
sion could be anticipated from an analysis of the room
temperature bandwidth of each band.

The coupling strength of the 5Alg band can be quantita-
tively estimated from the relative intensity, f,, of each
component of the progression and the second order mo-
ment, M2, of the low temperature band. For couplings
to one mode within the harmoenic approximation (56),
these parameters are given by

I, =Ie38"/n! and M2 = S(ho), (4]

where 1, is the intfnsity of the nth component of the
progression, f, = 2,_, I, and § is the Huang—Rhys factor,
which is related with the linear electron-phonon coupling
coefficient, C, by (56)

_1{CY} #
$=3 (i) mo o)

A Huang-Rhys factor § = 9.0 accounts for the band
shape of the °B,, — °A,, transition (Fig. 7) as well as for
the experimental 2nd order moment, M2(9.5 K) =
2.46 x 10°cm™2 A value § = 8.7 is found if we include
the factor E,/E, in the intensity given by Eq. [4], which
takes into account the variation of the oscillator strength
with the transition energy (33). In either case, this unusu-
ally large value of § contrasts with those normally found
in transition fluoride complexes, with § ~ 1-2, and in
particular, with that corresponding to the °B,, — 5B,,
transition in TL,MnF; - H,O, of which the vibrational repli-
cas of 505 and 375 ¢m ™! reveal Huang—Rhys factors S ~
1-2 (Fig. 8).

The different ligand field dependence of the °B;, — *A,,
and °By,— °B,, transition energies, £, = A, and &, = 10Dg,
respectively, are responsible for the distinct Huang—-Rhys
factors associated with each transition. Semiempirical
quantitative estimations of § can be made through Eq.
(5} if we know both the linear electron—phonon coupling
coefficient, C, and the nature of the corresponding cou-
pled modes.

1n MnF}~ (D,,) complexes, there are only two possible
totally symmetrical a,, vibrations that can be linearly cou-
pled to electronic transitions involving orbital singlets.
These modes correspond to stretching motions of the axial
and equatoria} ligands against the Mn** jon. If we denote
these modes by @, = (1/2)(ry + 1, + 1y + 1)) and Q,, =
(1/V2)(rs + ry), where r, = R, — R?are the atomic displace-
ments ({ = 1 to 4 for equatorial ligands, and i = 5, 6 for
the axial ones), then the normal modes of the complex,
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Q, and @,, will be proper combinations of such modes,

Q] = aQeq - IBan and Q2 = BQeq + aan& (6]

with 8 = (1 — a?'2, The « value varies between 0 and
1 depending mainly on the difference between the axial
and equatorial Mn-F force constants. The larger the dif-
ference between the force constants, the closer ais to 1,

The 525-cm™! vibrational spacing observed in SBlg —
’A,, obviously corresponds to the antiphase Q; mode if
we take into account; (1) the energy of the (2, mode mainly
associated to the octahedral a,, mode would lie above
600 cm™! as it has been discussed in Section 4b; (2) the
’By, —> °A,, transition involves a spatial redistribution of
the  electrons in such a way that the unoccupied one
electron level, d{x? — ¥, changes to the d(3z2 — r¥) level.
This situation greatly increases the electronic repulsion
around the equatorial ligands with respect to the axial
ligands, thus favoring an increase of R, and a reduction
of R,, in the A, excited state. In fact, this reflects the
different ground state geometries found in CuF{~ com-
plexes where either elongated or compressed D,, distor-
tions take place depending on whether the electronic
ground state is °B,, (x? — y?) or 2A,, (327 — r?), respectively
(40-42). Therefore, the {; mode should be the most
strongly coupled to the °B,, — 4, transition.

In a single configurational mode model, the excited
state potential energy is given by

Eex = EO - CQI + %kQ% [7]

= Ey — $kQy + (0 — Oy,
where E; is the energy difference between the ground
and excited state potential energy for the ground state
equilibrium geometry ¢} = 0, k is the force constant of
the ¢, mode which is assumed to be the same for the
ground and the excited states, Q,, is the excited state
equilibrium coordinate, and C is the linear electron-pho-
non coupling constant which can be expressed as

C=- (%) . [8]
an 2,=0

The crucial point for calculating the Huang—Rhys factor
through Eq. [5] with this model is knowing the coefficient
C. In this context, it is worth mentioning the interesting
work performed by Moreno et al. (36) in order to explain
the Huang-Rhys factors, S(ay,), in octahedral transition
metal complexes MX, (X = F, Cl, and Br). The present
work attempts to generalize this model to complexes with
nonequivalent axial and equatorial ligands.

For the °B,, — A, ¢ transition, C can be derived from
the empirical relationship between the transition energy,
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g, and the tetragonal parameter, xj: g; = Bxp with B =
8.8 x 10" cm™! in the present case. Then

-
901 Jo,-0 9]

-~ (658 ) (2)
aRax an aReq an =0 ’

where

(iE_) _B (ﬁ_) __B R
R,/ R., \dR. R,
aRu) ] (aR ) a
—*|=—-+—=, and || =5.
(3Q1 V2 g 2
In these expressions it is assumed that E_, has the same
dependence as the energy of the absorption band maxi-
mum, g, which is expected for strong couplings.
Employing Egs. [5], [8], and [9] and taking Aiw = 525

cm™!, the fluorine mass, m = 3.17 x 1072 g, R
1.832 A, and R, = 2.082 A, we obtain

eq=

2
Sg, = 14 (1.1369+£) .

10
275 (10]

The Huang-Rhys factor § for the other a,,(Q,) mode
can be estimated from Eq. [10] by replacing « by g and
B by —a.

Note that the maximum S, values are found for a =
1/v3, which obviously corresponds to the octahedral
Jahn-Teller e, mode, providing the greatest tetragonal
distortion.

A relevant feature of the present analysis is that the
experimental S value can be understood within this model,
in which a correlation between static and dynamic proper-
ties has been established, In fact, for the two limiting
cases, = 0 and o = 1, we obtain SQ] = 7.0 and 4.5,
respectively, which are of the same order as the experi-
mental value. In particular, S, = 9.0 can be reproduced
exactly if we take a« = 0.92 which corresponds to the
mainly equatorial mode @, = 0.92 Q. — 0.39 Q,,.

From these results, we have calculated the excited state
equilibrivm geometry as well as the stabilization energy,
the values of which are summarized in Table 3. Note that
the excited state geometry is near a perfect octahedron
(xp = 0.035) but in no case is R, greater than R, , which
evidences the crystalline constraint.

The absence of a progression associated with the mainly
axial (2, mode is justified by the fact that the corresponding
Huang—Rhys factor deduced from Eq. [10] taking e =
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TABLE 3
Spectroscopic Parameters of the °B,,— 54, Transition
and Local Geometry of the MnFi~ Complex in the
Ground and the Excited “A,, States

Transition: ‘B, — ’4,,
S$=9.0
how=525cm™
C=384x10'cm /A
01, =0.246 A
_(lllz)k(Qw)z = 4700 Cmil

MnF?~ Geometry
’B,, (ground state) %A\, (excited state)

Ry (&) 2.082 2.014
R, (A) 1.832 1.945
R A 1.92 1.97

xp 0.136 0.035

Note. Top: Huang-Rhys factor, §; vibrational energy, fiw;
linear electron—phonon coupling constant, C; excited state
equilibrium normal coordinate, Q,;, and stabilization energy,
—~(1/2)kQ%,. Bottom: Ground state distances were measured
by diffraction techniques (9), whereas excited state distances
were obtained from ¢, and Eq. [6]) for & = 0.92 and 8 = 0.39.

0.39 and 8 = —0.92, would be Sy, = 1.5 if a vibrational
spacing Aw = 620 cm™' is assumed.

A precise analysis of the electron—phonon coupling can-
not be performed in the *B;, — *B,, transition due to the
lack of experimental data for determining C. In addition,
the observation of two vibrational coupled modes of 505
and 375 cm™! makes such a study difficult, especially
considering that the presence of the latter mode is hard
to conciliate with a D, symmetry because the energy of
the remaining a,,(Q,) mode should be much higher than
375 cm™'. This mode, called Q,, probably corresponds
to the Q¢, = (1/2}(r; + r, — ry — ry) mode of b;, symmetry,
since this is the only mode that transforms as a, when
the real D,, symmetry of the MnF:~ complex is taken
into account.

The weak couplings observed for these @, and 0, modes
in the *B,, — °B,, transition (§ ~ 1-2} can be explained
roughly by assuming that 10Dg « R.F with p close to 4.
The linear ¢lectron—phonon coupling coefficients, C; (i =
0, and @;), are then given by

= (%Ea)  __ alODq)(ach)(aQeq)
¢ (aQi)QFO (ach FTOWANT WA (11]

It should be pointed out that such an approximation
would be more precise as the normal mode descriptions
for the °B,, and B, states become more similar to each
other. These C; values depend strongly on the u; coeffi-
cients of the Q., mode for each a,, mode, @, = 4,0, +
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v;0,, + w;0s,, since unlike Q,, and Q.,, the mode Q.
involves changes in R, and is therefore linearly coupled
to this transition. Taking 10Dg = 17,500 cm ™!, fiw, = 505
cm™!, fiwy = 375 cm™, and R, = 1.832 A, we find from
Eqs. [5] and [11] that

So,=p*0.1554} and Sy =p*0378ui.  [12]

Note that there is no coupling to the Q; mode (5,,)
within a D,, symmetry since 4y, = 0, v; = 0, and wy; =
1. But small departures from this symmetry cause an
important enhancement of S, due to the lower frequency
of this mode. Values of u? = 0.8 and 43 = 0.1 would lead
to values of S, = 2 and Sy, = 0.6 taking p = 4. This
simple model accounts reasonably well for the experimen-
tal findings and also justifies the absence of replicas to
the mainly axial 0, mode, since the crystal field distortions
induced by the axial ligands do not modify 10Dg and
consequently C(Q;) = 0.

After this analysis, we assign the false origins at 150
and 200 cm™! observed in the o spectrum of Fig. 8 to the
enabling ED odd parity e, mode which splits under D,,
into b,, + b,,. Both peaks are associated to the same
electronic origin because their intensities display the same
temperature dependence as the sharp peak at 16,586 cm ™.

An interesting feature is the behavior of this sharp ori-
gin, for which the intensity seems to be very sensitive to
the 3D magnetic ordering. Efforts to detect the pure exci-
ton line in both 7 and & polarizations were unsuccessful.
The temperature dependence of this peak (Fig. 9} resem-
bles that followed by cold exciton—-magnon peaks in anti-
ferromagnets, though these peaks have always been de-
tected in transitions involving states of different spin
parity. In particular, a very similar behavior has been
found by Giidel et al. (57} in the CsVBr, antiferromagnet.
The exciton-magnon line intensity of the *A, — 2T, transi-
tion of ¥?* was seen to drop out just above the Néel
temperature following the same temperature dependence
as the sublattice magnetization. These behaviors have
also been found in 3D antiferromagnets such as MnF, (58)
and RbMnF, (59) and explained theoretically by Tanabe
et al. (59, 60) by means of the exciton—-magnon ¢ou-
pling mechanism.

In the present system, the intensity variation for both
cold and hot components are consistent with this mag-
nonic mechanism and the Néel temperature derived from
this curve would be close to Ty = 28 K. It should be
noted, however, that although the sharp peak decreases
like T? up to 25 K, in no case does its variation reflect
the sublattice magnetization measured through the inten-
sity of the (101} magnetic Bragg peak (9).

Finally, it is important to point out the poor sensitivity
of the triplet peaks for detecting the 3D magnetic ordering.
Neither the intensity nor the peak energy gives clear evi-
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dence of such an ordering within our experimental accu-
racy. But some evidence has been found in the tempera-
ture dependence of the halfwidth of the first °B;, — 1B,
peak at 19,600 cm ™' (Fig. 10) which shows different behav-
iors above and below Ty, . Further work using high resolu-
tion spectroscopy would be useful to clarify the nature of
the triplet structure of the two *B;, — 3B, spin-forbidden
transitions as well as to analyze the influence of the anti-
ferromagnetic order.

5. CONCLUSIONS

The most relevant conclusions of the present investiga-
tion are the following:

(1) A correlation between the spectroscopic parameters
and the local structure of the MnF2~ complexes has been
established. The splitting of the parent °E_ and *T,, octahe-
dral states, A, and A,, shows a linear dependence on the
tetragonal parameter, x: A, = 8.8 X 10* xp and 4, =
2.2 X 10* xp (in cm ™! units).

(2) The spin-allowed crystal field bands are ED vibroni-
cally assisted by the odd parity b,, (165 cm™") and e, (200
cm™!) modes while the intensity of the spin-forbidden
bands is enabled by a pairwise exchange mechanism, The
temperature dependence of the oscillator strength, f(T),
and the type of polarization exhibited by these bands
confirm the assignment and the proposed transition mech-
anisms.

(3) The vibrational progressions observed in the °B,, —
*A;, band (525 cm™) and in the *B,, — *B,, (505 and 375
cm™'} reflect coupling to totally symmetrical a 1 modes,
which mainly involve stretching motions of the equatorial
ligands. The large difference between the corresponding
Huang-Rhys factors § = 9 and § = 1-2 is explained by
correlating static and dynamic properties of the MnF3;~
complexes. The absence of progressions of the highest
energy a;, mode, (J,, in these transitions is explained
by the small linear electron—-phonon coupling coefficients
and its high frequency, Aw = 620 cm™.

(4) There is an exciton—magnon peak in the low temper-
ature spectra, for which the intensity temperature depen-
dence gives evidence of the 3D magnetic ordering, thus
providing a good determination of the Néel temperature
for this TL,MnF,-H,0O compound. On the other hand,
these dependences for the spin-forbidden bands allow us
to obtain suitable values of the intrachain exchange con-
stant, J = {l em™!.

APPENDIX

Water Absorption

The intense OA band at 5000 cm™! and the weaker one
at 6450 cm ™! are associated with vibrational overtones of
the water molecule. Bands around 5000 cm™! were also
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observed in the (NH,),MnF; spectrum, which were as-
signed analogously by Dingle to overtones of the NH,
vibrations (27). In the present case, the proposed assign-
ment is supported by the fact that none of these bands is
observed in the Na,MnF; anhydrous compound (inset of
Fig. 2). In addition, recent studies on MnXO,-H,O
(X = P, As) and the corresponding deuterated compounds
indicate that these bands disappear after crystal dehydra-
tion (43).

In TLMnF, - H,O, we assign these bands to combina-
tions of the », and v, fundamentals where v, and v, as well
as v, are the vibrational frequencies of the a, (bending), b,
(stretching), and &, (stretching) modes, respectively, of
the H,0 molecule (C,, symmetry). The intense band is
assigned to p, + v; and the weaker one to 2v, + », for
the following reasons: (1) the experimental peaks at 5000
and 6450 cm™! are close to the sums v, + », = 5020 cm™!
and 2, + v, = 6670 cm™!, of the respective fundamentals,
v, = 3273, v, = 1648, and », = 3375 ¢cm !, obtained from
the IR spectrum of Fig. 11. As in water vapor (44}, the
highest frequency was assigned to the v; mode. However,
in TLMnF;- H,O, v, and »; are smaller than in vapor,
where v, = 3652, and »; = 3756 ¢cm™!, while »,, on the
other hand, is larger than the vapor value, v, = 1595 cm™!
(44). This reflects the softening of the H,O stretching
modes usually observed in solids due to the presence of
hydrogen bonds. The hardening of », could be associated
with the F-.-H bonds in this structure, which impedes
the bending of the H-O—H bonds (Fig. 1). (2) In general,
the H,O vibrations are completely polarized in the plane
of the molecule either parallel (combinations of 2, modes)
or perpendicular (any combination involving the &, mode)
to the twofold axis of the molecule. This behavior is in-
deed observed in the spectra of Fig. 5. The fact that those
bands involving the b, mode appear only in the 7 spectrum
cleary indicates that the symmetry axis of the water mole-
cules must be perpendicular to the ¢ axis, in agreement
with the crystallographic structure obtained by neutron
diffraction. Furthermore, the proposed overtones are also
the same ones observed in H,O vapor in this spectral
region (44).
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