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Optical and Mdssbauer spectra of manganese-bearing phlogopites: Fei+-Mn?t pair
absorption as the origin of reverse pleochroism
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Abstract

Eight manganese-bearing phlogopites have been studied by means of X-ray powder
diffraction, electron microprobe techniques, Mcissbauer spectroscopy and single crystal
optical absorption spectroscopy. The diferent types of spectra were measured at room
temperature and at liquid nitrogen temperature.

The major differences in sample 3d-element chemistry are variations in [Mn2+]/[Fe3+]
and [Feir]l/tFeill ratios. Samples containing Mn(,i and Fei,i are normal pleochroic, while
samples containing Mn(rf and Feirl are reverse pleochroic. These chemical and optical
differences are reflected by pronounced variations in the shape and band content of the
optical absorption spectra.

The strongly polarized (EllX >> Et-X) bands in the optical spectra of the reverse
pleochroic samples occur at energies close to those observed for absorption bands in the
spectra of synthetic Feirl-phlogopite and natural Mnii- and Fe$i-bearing phlogopites, but
have molar extinction coefrcients up to -2 orders of magnitude greater than those
calculated for corresponding spin-forbidden single ion Feirl- and Mn(,f-absorptions. These
intense absorption bands are assigned to feitl-tttn(,i pair transitions.

The e-values, energies, polarization and concentration dependence ofthe pair bands are
in agreement with assignments to exchange-coupled pair transitions. The majority of the
bands display an inverse temperature dependence on sample cooling, which, in terms of
pair theory, may be due to a dominance of "cold" band contributions.

Absorption bands in the spectra of the normal pleochroic manganese-bearing phlogopites
appear to be due to spin-forbidden single ion Fe$i- and Mn$f-transitions, but contributions
from various types of pair interactions involving Fei,i and MnQJ cannot be totally excluded.
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Introduction

On the basis of results obtained from chemical analy-
ses, optical absorption spectroscopy and Mrissbauer
spectroscopy, reverse pleochroism in Fe2'- and Feln-
bearing phlogopites has been attributed to tetrahedrally
coordinated Fe3* (e.g., Faye and Hogarth, 1969, Hogarth
et al.,1970, Puustinen, 1973, Shinno and Suwa, 1981 and
Farmer and Boettcher, 1981). Manganese-bearing phlogo-
pites showing reverse pleochroism have also been report-
ed and their anomalous pleochroism has been attributed
to variations in the manganese content (e.g., Hamberg,
r890).

The optical EIX absorption spectrum of a reverse
pleochroic manganese-bearing phlogopite ("mangano-
phyllite") has been measured by Burns (1970) and ab-
sorption bands at 23,800, 21,400,19,050 and 14,850 cm-r
were attributed to spin-allowed d-d transitions of octahe-
drally coordinated Mn3*.

To date neither a Mcissbauer study nor an intensive
optical spectroscopy study has been carried out for
manganese-bearing phlogopites. Here we present detailed
optical absorption and Mcissbauer measurements for a
suite of eight chemically characterized samples. From the
results obtained, an attempt is made to explain the
pleochroism and complex optical absorption spectra of
natural manganese-bearing phlogopites.

Experimental

Chemical analyses of the samples were carried out with
an ARL-sEMe electron microprobe. Data were reduced
using the MAGIc IV computer program (Colby, l97l).
Phlogopite lattice constants were determined by refining
powder difraction data, using metallic Si powder as
internal standard.

Mdssbauer spectra of all samples were initially record-
ed at room temperature. Low temperature (77 K) spectra
of samples | , 2 and 3 were also obtained using procedures
described by Hilenius et al. (1981). In order to avoid
texture effects, the flaky powder samples were mounted
at an angle of 54.7" to the incident rrays (Ericsson and
Wtippling, 1976). Fitting of symmetric absorption dou-
blets to the spectra can therefore be justified. Approxi-
mately 0.5-3.0 mg iron/cm3 was present in the powder
absorbers.

Optical absorption spectra were recorded in the range
30,000-5,000 cm-l by means of an automated micro-
scope-spectrophotometer (Langer and Frentrup, 1979)
using ultrafluars lOx as objective and condenser. The
reference point was taken in Araldite or glycerine embed-
ding material. The diameter of the measuring area was
46.7 p,m or 53.4 pm. Computer programs were chosen to
give slit widths of 100 cm-I. For measurements at low
temperature (-100 K) a nitrogen gas flow technique
(Smith et al., 1982) was used. The samples were oriented
by means of easily identifiable crystal habit and conosco-
pic interference figures and the sample thicknesses (15-

200+3 pm) were measured using a defocussing technique
or by direct measurements using a stereoscopic micro-
scope with a calibrated eye piece. Due to the extremely
weak dichroism within the optical LY plane of the
phlogopites, unpolarized spectra of (001)-platelets
("ElX-spectra") and polarized EllX-spectra were mea-
sured. Polarized light was obtained using a calcite prism.

Results

Microprobe analyses and compositions of the present
phlogopites are summarized in Table l. On the basis of
the results obtained in the present M<issbauer study the
presence offerrous iron in the investigated samples can
be excluded. Furthermore, on comparing the spectra of
our natural samples with the spectra of a synthetic Mn3*-
bearing phlogopite, it may be concluded that the natural
samples contain only trace amounts of Mnr' 65Vo of the
total manganese content). Therefore, total iron and man-
ganese contents are given as FezOr and MnO respective-
ly. The distribution of Fer* in tetrahedral and octahedral
sites has been determined from the chemical analyses in
such a way that ferric iron is assigned to the tetrahedral
position when this site cannot be fully occupied by Si and
Al. The results of this determination are in excellent
agreement with the results of the Mcissbauer spectrosco-
pv.

In the detailed X-ray analyses of the present samples it
was found that some of the reflections were split. This
feature may indicate complex layering (i.e., layers of
different stacking sequences) in the micas. A similar
observation on phlogopites has been reported by Shinno
and Suwa (1981). Hence, the significance of the calculat-
ed X-ray data is reduced. Results of the cell parameters
shown in Table I have been obtained assuming a simple
lM phlogopite structure. The measured cell volumes
increase, as expected, with increasing concentrations of
tetrahedrally coordinated ferric iron (Feirl and octahe-
drally coordinated manganese tMniril.

Mdssbauer spectra of selected samples are shown in
Figure 1. Only Fe3* is present in all the studied phlogo-
pites. The assignment of ferric iron among the available
tetrahedral and octahedral sites has been determined
from observed isomer shift values (Annersten and Hiien-
ius 1976). At room temperature, isomer shift values for
tetrahedral ferric iron are 0.23t0.03 mm/s (relative to
metallic iron) in our samples. Values at low temperature
are increased by the second order Doppler shift. Accord-
ing to the Mossbauer results, Feirl can be exclusively
assigned to samples 2, 4,6 and 8 (c/. Table 2). Octahedral-
ly coordinated ferric iron (FeirD is characterized by a
larger isomer shift, approximately 0.3610.02 mm./s, and
can be exclusively assigned to samples l, 5 and 7. Sample
3 was the only sample measured which contained both
Feff and Fe$i. The ferric iron populations shown in Table
2, were obtained from computer fitted area ratios of
tetrahedral and octahedral quadrupole doublets. The ab-
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Table I ' Chemical analyses, compositions and lattice parameters of the studied manganese-bearing phlogopites. Samples 2 and 6 are
from Harstigen, Sweden and the additional six samples from LAngban, Sweden.

s i0 ,  (wt -%)

Al 203

Fero,

T i02

14n0

1,190

Ba0

t{a20

K2o

3 9 . 4

1 4 .  6

4 . 4

0 . 7

3 . 9

2 2 . 7

1 . 0

0 . 2

1 0 . 0

4 l  . 3

v. f ,

3 . 4

0 . 0

8 . 4

2 2 . 9

0 . 0

0 . 1

1 0 .  5

39.  9

i l . 5

J . J

0 . 6

1 0 . 4

20.8

0 . 2

0 . 1

1 0 . 4

4 l  . l

12.3

1 . 2

0 . 1

t . l

2 7 . 8
' l . 4

0 . 3

10.2

3 9 .  6

I  5 . 4

3 . 6

u . b

1 l

24.8

1 . 5

0 . 4

1 0 . 0

4 l  . 5

o ?

3 . 8

0 . 0

7 . 5

23.4

0 . 0

0 . 1

1 0 . 5

3 8 . 0

I  6 . 6

3 . 0

u .  t

2 . 2

24.3

1 . 0

0 . 4

I  0 . 0

4 1  . 2

l l . 7

2 ' , 1

0 . 0

1 . 7

2 8 .  0

t . 5

0 . ?

1 0 . 3

96.79 7  . 095.  596.  196.  9 97.2

Cat ions on the basis of  44 negat ive charges

9 6 .  I 96.2

s i

Al tv

"ii
A l v l

"ii
t l

Mn

MS

Ba

Na

K

5.  60

2 . 4 0

0 . 0 4

0 . 4 7

0 . 0 8

0 . 4 6

4 . 8 2

0.  06

0 . 0 7

l 82

s .32e (4 )

e .255 (e )

r 0 . 2 8 1 ( e )

ee .  e (2 )

4 9 9 . 6

6 . 0 0  5 . 8 0

l  . 6 3  1  . 9 7

0 . 3 7  0 . 2 3

-  0 . 1 3

-  0 . 0 6

I . 0 3  1 . 2 7

4 . 9 6  4 . 5 2

-  0 . 0 1

0 . 0 2  0 . 0 3

1 . 9 4  1 . 9 2

s . 3 6 8 ( e )  5 . 3 7 9 ( 8 )

9 . 2 8 5 ( e )  9 . 2 7 1  ( e )

1 0 . 2 8 ( r  )  1 0 . 3 1 8 ( e )

1 0 0 . 0 ( r  )  9 9 . 9 ( 2 \

504.6  506.8

5 . 8 2

2 . 0 6

0 . 1 2

0.  0 l

0 . 0 r

0 . 1 3

s . 8 6

0.08

0 . 0 9

I  . 8 5

Latt ice Darameters

5.  56

2 . 4 4

0 . 1 l

0 .  38

0.  07

0 . 1 3

J . ' U

0.08

0 . 1 I

I  .80

6 . 0 1

I  . 5 9

0 . 4 0

0.  0 l

0 . 9 2

5 .  0 7

0 . 0 2

1 . 9 5

5 . 4 5

0 . 2 6

U .  J J

0 .07

o .26
q  l o

0 . 0 6

0 . 1 I

1 . 8 4

5  . 8 1

I  . 9 5

0 . 2 2

0 .  2 0

5 . 8 8

0 .09

0.  04

I  .84

a  ( A )

b  ( A )

c  ( A )

Bel
v (A3 )

5 . 3 2 ( l )

e .26 (  r  )

r 0 . 2 7 ( 1  )

e e . e ( 3 )

498.  6

s .36(1  )
e . 3 2 ( r )

1 0 . 2 0 ( 3 )

e e . 5 ( r )

495 .  5

5 .365 (7 )

e.282(e)

r 0 . 3 r 2 ( 9 )

r 0 0 . 2 ( r  )

s05 .4

K  2 q q /  ( \

9 . 2 6 2 ( 4 )

1 0 . r 9 3 ( 9 )

e e . 7 ( r  )
4 9 3 .  l

5 . 3 r 6 ( e )

e .285 (6 )

I  0;266(  9)

e e . 7  ( 2 )

499.4

sorption doublets resulting from Fe$f are characteristical-
ly broader than the absorption lines arising from FeiJ.
This may indicate that in phlogopite Fei,i is distributed
over the two non-equivalent octahedral sites Ml and M2
(Annersten, 1974). Two Fe$f patterns were fitted to the

spectrum of sample 5 (Table 2), but in order to have the fit
converging, the intensities of the two quadrupole dou-
blets had to be constrained to l:1. No pronounced
compositional dependence of the Mcissbauer parameters
was observed.
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N N P L  2  R T  5 4 . 7

R T  5 4 . 7

- 4 . 0 0  - 2 . 0 0  
9 i 9 8  

2 . 0 0  4 . 0 0

Fig. l. Room temperature Mcissbauer spectra of samples 2, I
and 3. Sample 2: Felf,, sample l: Fe3vi and sample 3: FeiJ and
Fe3vi. The fitted quadrupole doublet of very low intensity in the
spectrum of sample I is due to the presence of minor quantities
of hematite.

Optical absorption spectra of the present phlogopites
can be divided into two groups. Those of samples 2, 4, 6
and 8 are dominated by medium to strong absorption
bands at 29,100, 21,W0, 25,500, 24,800, 23,800, 22,300,
21,300, 19,700, 18,500 and 14,500 cm-r. These samples
are reverse pleochroic (R.P.) and the pleochroism is
caused by the strong pleochroism ofthe absorption bands
(Fig. 2). The envelope of the spectra of the reverse
pleochroic samples displays an inverse temperature de-
pendence (increasing integrated absorption on cooling).
This indicates that the majority of the absorption bands
have this temperature dependence. Due to the strong
overlap between the absorption bands, it is difficult to
quantify the increase in integrated absorption for any
single absorption band on cooling (Fig. 3).

The absorption spectra of samples l, 5 and 7 are
characterized by a strong UV edge absorption and show
weak bands at -29,000, -27,500,24,600,23,800, 21,500,
-18,000 and -15,000 cm-1. These samples are normal
pleochroic (N.P.) and the pleochroism is caused by the
pleochroism of the UV-absorption edge (Fie. 2).

Sample 3 is weakly reverse pleochroic and the spec-
trum of this sample shows absorption bands found in the
spectra of both previous types.

Table 2. 57Fe Mossbauer parameters of manganese-bearing
phlogopites.

Sampl e
Absorber  A  EO IS

Tenp.  (K)  (m/s )  (m/s )

Intensi ty FHHH
Ass i gnment

( / " \  (nm/s)

293

7 7

293

0 . 9 4

0 . 9 8

0 .  5 9

0 . 3 5

0 . 4 7

0 . 2 3

0 . 5 6

0 . 6 2

0 . 4 4

0 . 3 9

0 . 4 1

0 . 5 1

0 . 4 1

0 . 5 0

?+
F"iv

- 3 +r e l v
? r

' - v I

Fo3+'  " l V

'  ' v l

1 0 0

100

100

100

58

42

62

38

77

3 293

4 293

5 293

6 293

7 ?93

I 293

0 . 6 3  0 . 3 ?

0 . 5 6  0 . 2 5

0 . 9 4  0 . 3 8

0 . 6 3  0 . 3 3

0 . 8 9  0 . 5 4

0 . 6 9

1  . 2 2

0 . 7 2

0 . 5 7

1 . 0 2

0 . 6 8

0 . 2 2

0 . 3 7

0 .  3 5

0 . 2 2

0 . 3 6

0 . 2 2

? r
100 0 .67  F" iV

50 0 .57  F"v i

5 0  0 . 5 7

roo 0.36 *i i
?r

100 0 .70  F"v i

I  00  0 .36  F" ;v

Ismer  sh i f t  ( IS)  re la t i ve  to  meta l l i c  i ron .  Re la t i ve  e r ro rs  fo r  IS

and AE^ 10 .01  m/s .  Esd fo r  in tens i t ies  3 .0  %.
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200

25 000 20000 t5 000

Wave nurnber (cm-l)

Fig. 2. Room temperature E ll X and E 1 X absorption spectra
of sample I C - - ), sample 8 1-) and E-LX spectrum of
synthetic Fef$-phlogopite (. . . .) .  o :  absorbance/sample
thickness (cm). For the reverse pleochroic sample 8, letters a,
b, . . and arrows indicate absorption bands assigned in Table 3.
Arrows at the spectra of the synthetic sample and the normal
pleochroic sample I denote bands which occur at the same
energies as bands in the reverse pleochroic samples.

In the spectra of the present samples, no absorption
bands were observed in the region 11,000-5,000 cm-r.

Discussion

The differences in pleochroism and band content ob-
served for the present phlogopites can obviously be
correlated to the distribution offerric iron. The reverse
pleochroic samples 2,4,6 and 8 contain exclusively Fef,f,
the normal pleochroic samples l, 5 and 7 are Felf-bearing
and the intermediate sample 3 contains Feirl and Fe$i. al
samples contain manganese.

This information is insufficient to enable us to interpret
the complex spectra shown in Figures 2,3 and 4. To help
us to carry out this task, phlogopites containing only
Mnizi and only Feirl (of the transirion metal ions) have
been synthesized and investigated by means of electron
microprobe, M<lssbauer, X-ray powder diffraction and
optical absorption techniques. Although a full report on
the studies of the synthetic samples will be given at a later
date (Ackermann, L., Smith, G. and Cemic, L., Tech-
nische Universitet Berlin, in prep.), several results are

discussed here and are shown to be crucial in interpreting
the optical absorption spectra of the natural samples.

Mn?,fi in phlogopites

An initial assertion is that the present phlogopites
contain divalent manganese in octahedral positions
(Mn+|. One reason for this is that the optical absorption
spectra of a synthetic Mniri-bearing phlogopite revealed
three, weakly normal pleochroic, broad (half line widths
of -4,000 cm-r1 absorption bands of approximately equal
intensity (eynr* -30-60 I 'g-atom-l .cm-l) at 22,4N,
19,500 and 12,3(X) cm-r, and no evidence for such a band
system has been found in the spectra of our natural
samples. Further, the assignment of Mn$f in the natural
phlogopites is in excellent agreement with cation/site
occupancies derived from chemical analyses (Table 1).
The other possibilities for location and valence states of
manganese in the present samples, Mnf'f and Mnff, are,
as will be demonstrated, completely untenable with re-
gards to interpretations given for the optical spectra.

Reverse pleochroic (R.P.) samples 2,4, 6 and I

From the foregoing, these samples contain Feirl and
Mnii and the properties of the bands in their absorption
spectra are summarized as follows.

A comparison of the spectra of a synthetic Fei'i-bearing

t0000 25000 20000 15000 10 000

Wave number (cm-11

Fig. 3. Room temperature (. . . ' .) and low temperature
(----) absorption spectra of sample 2 (EIn and sample 8
(E ll ,Y). Letters and a as in Fig. 2.

A {nnr}

5 0 0 1 0  0 0

^  3 0 0
e
:
d

E
200 :

6

E

d

E I X
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-15,000 cm-r are observed in the spectra of the natural
N.P. samples and the synthetic Feirl-phlogopite (Fig. 2).
These absorption bands may have different origins in the
different types of sample and this will eventually make
assignments of the absorption bands at29,100 (a) 27,000
(b) and 14,500 cm-t (k) in the spectra of the R.P. samples
difficult (Figs. 2-4).

The absorption bands in the spectra of the R.P. phlogo-
pites have extremely high intensities. If these bands,
which we have associated with Feirl and Mn$f, were
assigned to single ion transitions, then for the El-X-
spectrum (EllX>>El-X), the molar extinction coefficients
of these bands would be up to two orders of magnitude
greater than expected for such transitions (e.9., when
assuming Mn?i to be the absorbing species, the molar
extinction coefficients for the 23,E00 cm-r band in the
room temperature spectra of sample no. 8 are -35 (ErX)
and -200 (Ell4 I '  g-atom-r ' cm-t).

Assuming that the optical direction X is perpendicular
to (001) and taking a and B to be the angles between
metalrv-metalyl vector and the optical directions X and
IX respectively, then the ratio cos2o: cos2B is calculated
as 5: l. A qualitative inspection of the spectra of the R.P.
samples (Fig. 2) shows that the EllX: EJ-X intensity ratio
of the absorption envelope in the 30,fi)0-10,fi)0 cm-r
spectral range is approximately 6: l, which indicates that
the majority of the absorption bands in the spectra of the
R.P. phlogopites are strongly polarized along the Feirl-
Mn$f vectors. The minor difference between observed
and calculated intensity ratio could exist because (i) the
exact atomic coordinates for Feirl and Mn$1 in Mni,i,
Feirl-bearing phlogopites have not been determined (ii) a
deviation of X of only 5 degrees from the assumed
direction would produce a cos2o: cos2 B ratio equal to the
experimentally found value.

Considering possible concentration coruelations (Fig.
4), it is found that despite the fact that only the spectra of
three of the R.P. samples may be reasonably compared
(samples 2 and 6 have similar Fei'i and Mn?i ion concen-
trations, giving rise to absorption spectra of similar
intensity), there is no link between absorption bands
associated with Feirl(e.g., at 25,500 cm-r) and single ion
Feirl-content. There could be a correlation between inten-
sities of bands associated with Mni,t (e.g., at 21,300
cm-r) and single ion Mn${ content, but this would not
explain why the absorption features in the spectra of the
different R.P. phlogopites appear to maintain the same
relative intensity. From Figure 4, the only reasonable
correlation is that the intensities of the majority of the
absorption bands in our R.P. samples are related to the
tFeiJl tMniil concentration product.

Absorption bands resulting from single ion d-d transi-
tions either lose intensity or maintain equal absorption
areas on sample cooling (Lever, 1968). Although such a
temperature variation might be argued for the absorption
bands at 29,100 (a) and 14,5fi) cm-'(k) in the spectra of
the R.P. samples (Fig. 3), the majority of the absorption

A (nm)

5 0 0  1 0 0 0

I

E

>l

30 000 25 000 20 000 1 5 000 10 000

Wave number (cm-11

Fig. 4. Room temperature E-LX absorption spectra of
samples 2,4 and 8, with IFeiJltMn(,-fl concentration products of
tL.23113.431, t0. 441 t0. 451 and [0. 76] [0. 69] g-atom I -' res pecti vely.
a as in Fig. 2.

phlogopite with the composition Kr.qrMgo.oe(Sis.gz
Fez.or)Ozo(OH)+ and the natural R.P. samples (Fie. 2)
shows that, in the 16,000-26,000 cm-r range, both spec-
tra have bands at energies of 25,500, 24,800, 22,300 and
19,700 cm-r. The latter absorption band in the spectra of
the natural samples is only apparent on close inspection
(Fig. 2). The absorption features in the spectra of the
synthetic phlogopite are attributed to single ion spin-
forbidden d-d transitions of Fe?rI and have molar extinc-
tion coefficients (e.g., e2236 -2.5 I ' g-atom-r ' cm-r) in
keeping with this interpretation. Hence we may associate
the 25,500 (c),24,800 (d),22,300 (0 and 19,700 cm-'(h)
bands in the spectra of the natural R.P. samples with
transitions (not necessarily single ion) involving
Feirl. Absorption bands present in the 16,0fi)-26,000
cm-r spectral region of the natural R.P. phlogopites, but
which are not observed in the spectrum of the synthetic
Feff-phlogopite, are located at 23,800 (e), 21,300 (g) and
18,500 cm-t (i). These absorption bands in the spectra of
the R.P. samples could then reasonably be associated
with transitions involving Mnii. An alternative approach
to associate absorption bands with tvtnii is to compare
the spectra of N.P. and R.P. samples. Since Mn2* is
common to both types of phlogopite, bands caused by
transitions involving Mniri should occur at the same
energies. This comparison (Fig. 2) clearly links the 23,800
cm-r 1e) band with Mn?i, but possible absorptions at
21,300 (g) and 18,500 cm-r1i; in N.P. sample spectra are
either too weak or are hidden by other absorption fea-
tures to be clearly identified and ultimately linked with
Mnii. Weak absorption bands at -29,000, -27,000 and



SMITH ET AL.: MANGANESE-BEARING PHLOGOPITES 765

bands in the 30,000-10,0(X) cm-r spectral region of these
samples clearly increase in intensity with decreasing
temperature.

We assign the majority of the absorption bands in the
spectra of the R.P. manganese-bearing phlogopites to
FeiJ-Mn?i pair transitions which involve the excitation
of either Feff or tttnii (;.e., single excitation process).
That pair bands arising from such transitions occur close
to the energies of spin-forbidden bands of one or both of
the component ions of the pair, and have intensities l-2
orders of magnitude greater than the single ion spin-
forbidden d-d absorption bands is well established (e.g.,
Ferguson et al., 1966) and consistent with this assign-
ment. The polarization of the absorption bands and their
intensity variation with the tFeiil tMn(,ll concentration
product are also consistent with a pair interpretation. An
explanation of the temperature variations for the band
intensities is discussed later in the text.

A partial assignment scheme for the absorption bands
observed in the spectra of the R.P. manganese-bearing
phlogopites is given in Table 3. The decisions as to which
ion of the Feif-Mn(,i pair is excited stem from previous
remarks on band energies linking Feirl and Mn?,i with
absorptions at 25,500 (c), 24,8fi) (d), 22,300 (0, 19,700
cm-r (h) and 23,8fi) (e), 21,300 (g), 18,500 cm-r 1i;
respectively. Actual assignments have been made assum-
ing that the sharp bands at 22,3fi) (actually split in two
components at22,7ffi and 22,000 cm-r) and 25,500 cm-l
in the spectrum of synthetic Fef+-phlogopite represent
the field independent 6A,,15; -- 4A,4E1G; and 64,15; --
4E(D) spin-forbidden transitions in Feff respectively, and
that the sharp absorption band at 23,800 cm-t (e) in the
spectra of the R.P. samples has the energy expected for
the Mnii field independent 6A,151 --+ 4Ar4E(G) spin-
forbidden transition (Manning 1968). The assignment
scheme given in Table 3 is regarded as plausible but not
necessarily correct. The spectra are obviously extremely
complex and several absorption bands may be hidden.
Special difficulties are encountered in assigning absorp-
tion bands at 29,Ifi) (a), 27,000 (b) and 14,500 cm-r (k) in
the spectra of the R.P. samples since, as mentioned
previously, weak bands and shoulders are found near
these energies in the spectra of both the synthetic Feff-
phlogopite and the natural N.P. manganese-bearing
phlogopites. Further, the 29,Ifi) (a) and 14,500 cm-r (k)
bands in the spectra of the R.P. samples could be argued
to display a single ion temperature dependence with the
added feature that the lower energy absorption shows a
decided shift to higher energies on cooling (Fig. 3).
However, any attempts to give both bands single ion
assignments also have to explain their polarizations and
intensities relative to other absorption features with vary-
ing Feirl and Mni,i contents.

On comparing the spectra (26,000-16,000 cm-r) of a
reverse pleochroic, essentially Mn-free, Feii- and Feirl-
bearing phlogopite (Faye and Hogarth, 1969) with the
spectra of our Mn2*-bearing R.P. phlogopites, some

interesting differences are noted. Absorption bands at
23,800 (e) and 21,300 cm-t G) are not observed in their
spectra, which further supports our assignment of these
bands to transitions involving the excitation of Mni,i. A
prominent absorption band (E ll X >> E L n at 20,300
cm-l in their spectra is not observed in the spectra of our
natural R.P. samples or in the spectrum of the synthetic
Feirl-phlogpite. Finally, absorption bands at -25,000,
-22,7W and -19,200 cm-t (all E l lX >> E L n observed
in the spectra of the Mn2+-free phlogopite (Faye and
Hogarth, 1969), as well as in our R.P. Mn2*-bearing
phlogopites (within 500 cm-r), all exhibit, along with the
20,300 cm-l band, unusually high e-values when assigned
to single ion Feirl (Faye and Hogarth, 1969, made this
assignment for absorption bands lying between 24,000-
16,000 cm-l). These observations suggest that other
Mvr-Mrv pair interactions (e.g., Feii-Fei0 could play an
important role in the absorption spectra of reverse pleo-
chroic phlogopites.

Normal pleochroic (N.P.) samples 1, 5 and 7

From the Mdssbauer spectroscopy of these samples
and from a comparison with the optical absorption spec-
tra of the synthetic phlogopites, samples l, 5 and 7
contain Feii and un(,i. rhe E r X spectra of these
samples show weak bands or shoulders at -29,(X)0,
-27 ,500, - 18,000 and - 15,000 cm-r. Only three absorp-
tion bands at 24,ff i0,23,E00 and 21,500 cm-t may be
clearly identified (Fig. 2). As discussed previously, the
band at 23,800 cm-r is associated with transitions involv-
ing Mnii. Further, it is reasonable to assume that the

Table 3. Partial assignm€nt scheme for the absorption bands in
the spectra of reverse pleochroic manganese-bearing

phlogopites.

- I
Lnergy  (cn  . l Ass'ignment

2e,'roo (a) 
"ii*ii

2i ,000 (b)  Feiv-Mnvi

z5,5oo (c) t"i i-n"i i 6nl{s)6rl{s).---ae1o16nl1s)

24,800 (d) t"i i-n.i i  " -4tr(o)6or (r)

23,800 (e) 
"i i-tn"i i 

'  *6n,1sy4r,,ar1e 1

zz,3oo (r\ **i i-r"i i  " -4r.,,4E1e y6n, {s)

2r,3oo (s) 
"l i-tr"i i  

" *6r'1s)arr{e )

re,700 (h) t*i i-rri i  
" -4111616r, {s) o. 4r., {e )6r' {s)

rs,soo ( i ) 
"?itr"ii 

" ----*6r, {s)ar' {e )

r4,soo (k) *i ir"i i

lDenotes  
wh ich  ion  undergoes  exc i ta t ion .  (a ) , (b ) , . . . re fe r  to  bands  in

F i g s .  2  a n d  3 .
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bands at 24,600 and 21,500 cm-r are associated with
transitions involving feirt. This interpretation is consis-
tent with the observation that the 23,800 cm-r band
increases in intensity relative to the other two absorption
bands with increasing tMni,iytFeiil concentration ratio.
Although our range of transition metal ion content is
small and the absorption bands lie on a strong UV-
absorption bacground, it appears that the intensities of
these three bands could vary linearly with single ion
concentrations. The three absorption bands appear not to
be strongly polarized (E r X > E ll X) (Fig. 2). The
evidence available suggests that the absorption bands at
24,ff iD,23,800 and 21,500 cm-r in the spectra of samples
l, 5 and 7 should be assigned to single ion spin-forbidden
transitions of Fe$f, Mn(,f and Fe$] respectively. Howev-
er, it is apuzzling feature that, with a single ion assign-
ment, the molar extinction coefficients for the 23,800 and
21,500 cm-r bands in the E -L X and (E ll X) spectra are
euni l  7  (4)  l .  g-atom-r  .cm-rand €FeLr -  15 (10)  I  .
g-atom-r . cm-r respectively. Normal extinction coeffi-
cients for spin-forbidden bands due to these ions and at
these energies ar€ e64atr1 0.2-0.4 I . g-atom-l . cm-l and
epstr1 l-3 I .g-atom-' .cm t (e.g., Manning, 1968 and
Faye, 1968). It is certainly possible that the large e-values
result from an overestimation of absorbance values
caused by our approximation for the background absorp-
tion. Nevertheless, since Fe(,f-Fe$f pair interactions
have been proposed for other minerals including biotite
(Smith er al., 1980), the possibility rhar Fe+FMnii, feii-
Feirt or Mn?,i-Mn<,i pair interactions play a role in the E
I X spectrum of our N.P. phlogopite samples is not very
easily eliminated. Trace concentrations of Feirl, which
would not be detectable by Mcissbauer spectroscopy,
could be responsible for the enhanced band intensities in
the E ll X spectra of the N. P. Mn2*-bearing phlogopites.
If traces of Fefil were present in the N.P. samples, the
observed enhanced intensities of the bands in the E ll X-
spectra would be caused by FeiFMvr pairs. However,
the absence of the dominating Feir)-Mn?i pair band ar
25,000 cm-r in the E ll X-spectra of the N.P. phlogopites
suggest that the concentration of FeiJ-Mni,f pairs is very
low in these samples, and the cause for the enhancement
of the band intensities in E ll X has to be looked for
elsewhere. Temperature dependence measurements of
the E I X spectrum of sample I proved inconclusive.

Mechanism of Fe?dMn2vi pair interactions in
Mn'* -bearing phlogopites, temperature variations
and general comments concerning pair bands in
minerals

As a result of their complex structure and considerable
and varied cation concentrations, minerals, unlike simple
oxides and fluorides, invariably give rise to complex and
broad band spectra and are not prone to display optical
fine structure. This can make it very difrcult to define the
nature ofinteracting processes observed in mineral spec-
tra and, consequently, to explain features (e.g., band

intensity variations in relation to temperature variations)
associated with these processes.

Ferguson and Fielding (197 | , 1972) were able to conclu-
sively confirm the presence of Fe3+-Fe3+ pairs in sap-
phire from measurements of optical absorption spectra at
room temperature and liquid helium temperature. In
particular, they were able to demonstrate fine structure
for the assigned 64,(5)6A,(5) + 4Ar,4E(G)6A,1S; pair
band and show how the fine structure obeyed spin-
selection rules down to 4.2 K. For absorption bands
resulting from pair transitions involving field independent
energy levels and which also obey the spin-selection
rule, AS = 0, a decrease in integrated band absorption
on cooling is predicted. However, the assigned Fef,f-
MnFeii pair bands involving transitions to 6A,r(5)4,4.r,
4n(G) and 6at(S)4n@) pair levels (Table 3) in rhe spectra
of R.P. Mn2+-phlogopites increase in integrated absorp-
tion on cooling down to 100 K (Fig. 3). Hence, unless
dramatic reversals of the band temperature dependencies
take place below 100 K, we are unable to explain the
temperature variations for absorption bands in the spec-
tra of these phlogopites in terms of this simple exchange
coupled pair theory.

Possibly more relevant to the case of R:P. manganese
phlogopites, and perhaps minerals in general, is an early
publication by Lohr and McClure (1968). In discussing
Mn2+ pair interaction in various salts they described them
as spin-wave transitions, which is a simultaneous transi-
tion, where one ion ofthe pair undergoes an electronic d-
d transition (exciton) and the other ion undergoes a spin-
deviation (magnon). This process will conserve the total
spin projection. The described type of interaction will
affect not only the intensities of absorption bands occur-
ring at the energies offield-independent transitions, e.g.,
6,{'15; -- 4Ar,4E1G;, but also bands at energies of transi-
tions which involve a change in orbital configuration
(e.g., 6,{115; -- of 

t(C)). Further Lohr and McClure (1968)
considered how the temperature variation of a spectral
pair feature will be dependent on whether "cold bands"
(exciton + magnon transition) or "hot bands" (exciton-
magnon transition) provide the greater contributions to
the feature. Following Lohr and McClure (1968) it mieht
therefore be suggested that the inverse temperature de-
pendence displayed by the majority ofthe features in the
spectra of R.P. Mn2+-bearing phlogopites primarily re-
sults from "cold bands" providing the greater contribu-
tions' to the features. Later studies by Fujiwara and
Tanabe (1972), Fujiwara et al. (1972), Shinagawa and
Tanabe (1971) and Ono and Fuchikama (1977) should also
be relevant to the spectra of R.P. Mn2*-phlogopites but,
at present, we find such studies to sophisticated for our
purposes.

Table 4 compares the properties ofassigned pair bands
in some mineral spectra. It is seen that the effects
observed in the spectra of the R.P. Mn2+-bearing phlogo-
pites could be the "spin-forbidden counterpart" of pair
effects observed in tourmaline and biotite spectra, and
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Table 4. Comparison of properties of pair bands in some mineral spectra

767

Mi nera I

I o n  p a i r

Band energy P o l a r i z a t i o n Intensi  ty Temperature Concentration Reference

deoendence deDendence

Toumal  ine ,  b io t i te

" i i -" i i
Mnz+-  ph logop i tes

? r  2 L
Feiv - r,hvi

Hydroxy Fe-sul fates

ro3+  -  r o3+  r z r l' - v I  - v I  \ ' ,

ttt
5appn 1 re

ro3+ - r.3+' - v I  ' " v I

That of sinsle ion nrons ref l-ref l
spin-al lowed Feii-  vectors
absorp t i  ons

That of sinsle ion lrons r"f{-unfi l
sp in - fo rb idden vec tors

?r  2 t
Feiv-  and Mni i -
absorpt  i  ons

T h a t  o f  s i n g l e  i o n

s p i n - f o r b i d d e n  ( ? )

Feii-absorpt i ons

That of  s ingle ion Along Fei i -Fei i  l -2 orders of  magni tude
spin- forbidden vectors and greater  than that  of  (?) l {  (?)

fef l f -aOsornt ions planes s ingle ion absorpt ions

I  order of  magni tude As predicted [ r .11 
t  ' t

greater  than that  of  down to 4.2 K

s ing le  i on  abso rp t i ons

I  o rder  o f  magn i tude lnverse  down Non- ' l inear  Smi th  1978a,  1978b

greater  than tha t  o f  to  l0  K  versus  Feo-  Sn i th  e t  a l .  1980

s ing le  ion  absorp t ions  concent ra t ion

2 orders of masnitude rnverse down tt"iil tt"ii] This work
greater  than tha t  o f  to  100 K

s i n g l e  i o n  a b s o r p t i o n s

Rossman l9T5

Ferguson & Fie ld ing

1971, 1972
Krebs & l ih isch 1971

I  
In tens i ty  enhanced and s t rong ly  po la r ized  absorp t ion  bands were  no t  exp l i c i t l y  ass igned t "  f " f l i - f " f l i  pa i rs ,  bu t  the i r  in tens i ty

enhancement  was "assoc ia ted  w i th  an t i fe r romagnet ic  exchange coup l ing  o f  the  fe r r i c  ions" .

{ l T h e  a b s o r p t i o n  b a n d  a t  8 3 0  n m  ( 1 2 , 0 5 0 . r - 1 1  i n  t h e  c o p i a p i t e  s p e c t r u m  d e c r e a s e s  i n  i n t e g r a t e d  i n t e n s i t y  o n  c o o l i n g  t o  l i q u i d

n i t rogen tempera ture  (G.R.  Rossman,  pers .  com.) .  No in fo rmat ion  on  the  tempera ture  dependence o f  o ther  bands  in  these minera l

s D e c t r a  i s  a t  D r e s e n t  a v a i l a b l e .

l l lFo"  
sapph i "e , the  proper t ies  o f  pa i r  bands  resu l t ing  f rom s ing le  exc i ta t ion  processes  are  quoted .

that the same interaction mechanism may be operating in
these minerals. Further work is, of course, required to
substantiate this proposal.

Finally, the complex nature of most mineral structures
make them likely hosts for a great variety ofpair interac-
tions, some of which may be readily seen in optical
absorption spectra. Clearly, anomalously high band in-
tensity and Beer's law failure are critical parameters in
detecting these interactions. It is suggested that pair
bands lying at the energies of spin-forbidden transitions
may be located in the UV and visible regions of viridine
(23,300 cm-r band, Smith et al.,1982), chloritoid (24,000
cm-r band, Hilenius et al., l98l) and yoderite (25,500
cm-r band, Langer et al.,1982\. In these minerals, bands
at the energies of spin-forbidden transitions have unusual-
ly high molar extinction coefficients, when attributed to
single ion, and display "non-single ion" (i.e., inverse)
temperature dependencies. In the light of the results of
Lohr and McClure (1968), the temperature dependence
criteria must however be applied with some caution.

Conclusions

Reverse pleochroism in Mn2*-bearing phlogopites is
caused by strongly polarized (EllX >> EtX) absorption

bands arising from transitions between energy levels of
Feif-Mnii ion pairs. These absorption bands occur at
energies close to those of spin-forbidden single ion d-d
bands of Feif and Mni,i in phlogopite. The e-values of the
pair bands are up to -2 orders of magnitude higher than
the e-values of spin-forbidden single ion d4 bands of
Feirl and Vrn?i. fhe inverse temperature dependence of
the majority of the pair bands may be in accordance with
a theory for exchange-coupled pair transitions. Reverse
pleochroic Mn2*-bearing phlogopites may show efects
which are the "spin-forbidden counterpart" of Fe2*-
Fe3* pair transitions in tourmaline and biotite.

Possible Fei,FFeiJ pair absorption in phlogopites is
suggested from comparison between spectra of manga-
nese free, reverse pleochroic Feii-, Feif-bearing phlogo-
pite and the present reverse pleochroic Mn'--bearing
phlogopites.

Absorptions in normal pleochroic Mn"-bearing phlog-
opites appear to be due to single ion spin-forbidden Mnii
and Fe$f, but possible Mvr-Mur ion pair interactions
cannot be completely discounted in the interpretation of
the spectra.

No spectral evidence for the presence of Mn'- ions in
the present samples has been obtained.
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