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Abs t rac t - -To  assign far infrared (FIR) absorption bands of K § in muscovite, dichroic experiments were 
performed. For a muscovite crystal rotated about a crystallographic axis, c*, a, or b, two bands corre- 
sponding to vibration modes of K § appear, respectively, at 107 and 110 cm -~ (rotation about c*), 107 
and 143 cm -j (rotation about a), and 110 and 143 cm -~ (rotation about b). Two in-plane modes at 107 
and 110 cm -~ and one out-of-plane mode at 143 cm -1 are identified for the vibrations of K § in muscovite. 
Each of these transition moments are near the crystallographic axes b, a, and c, respectively. These 
observations match well predictions based on the approximate C3i symmetric environment of K +, although 
the site symmetry in the space group of muscovite is only C2. 
Key Words--Dichroism, Far Infrared, Muscovite, Potassium, Transition Moment, Vibration Mode. 

I N T R O D U C T I O N  M A T E R I A L  A N D  M E T H O D  

One  o f  the first papers  on  the far  infrared (FIR)  
absorp t ion  bands  of  K § in micas  was pub l i shed  by  
Ishi i  e t  al.  (1967).  Ta teyama  e t  al.  (1977)  showed  a 
nega t ive  l inear  re la t ionship  be t w een  the f requency,  tr 
(cm-]) ,  of  compens a t i ng  cat ions  and  the d is tance  be-  
tween  the  cat ion,  M +, and  the p rox imal  oxygen  a toms  
of  the d i t r igonal  te t rabedral  cavity,  d(M-o~inner. Fr ipiat  
(1981)  repor ted  the re la t ionship  b e t w e e n  the f requen-  
cy, tr (cm-1), and  ~ where  Z and  M are, respec-  
tively, the  charge  and  the  mass  o f  com pens a t i ng  cat- 
ions.  Schroeder  (1990)  and  Prost  and  Laperche  (1990)  
i ndependen t ly  ass igned  the FIR absorp t ion  band  nea r  
100 c m  -~ to K § in micas .  Laperche  (1991)  and  Lap-  
e rche  and  Pros t  (1991)  e x c h a n g e d  K § o f  micas  by  oth- 
er  cat ions  and  aga in  ass igned  the F IR  absorp t ion  bands  
near  100 and  140 c m  -1 to the  v ibra t ion  o f  the com-  
pensa t ing  cat ions.  

In thei r  paper, Ishii  e t  al. (1967)  sugges ted  four  
modes  of  v ibra t ion  o f  K § in muscovi te .  M o d e  III  was  
ass igned  to the de fo rma t ion  o f  the  doub le  d i t r igonal  
r ing  wh ich  forms  the cage  a round  K § F a r m e r  (1974a)  
wrote  " t h e  in -p lane  v ibra t ions  o f  K § in micas  give 
m e d i u m  intens i ty  bands  near  100 cm -~, the corre-  
spond ing  out -of -p lane  v ib ra t ions  lie near  150 c m  -~" 
sugges t ing  on ly  modes  of  v ibra t ion  paral lel  and  per- 
pend icu la r  to the (001) p lane  o f  the structure.  Fr ipia t  
(1981)  also refers  to the  in -p lane  and  out -of -p lane  vi- 
b ra t ions  o f  compens a t i ng  cat ions.  Laperche  and  Prost  
(1991)  fa i led to proper ly  ass ign  the modes  I and  II 
descr ibed  by  Ishii  e t  a L  (1967).  The  a im of  this  paper  
is to de t e rmine  the b a n d  a s s ignmen t s  by  the s tudy of  
the  in -p lane  and  out -of -p lane  dichroic  charac ter  of  FIR 
absorp t ion  bands  of  K § in muscovi te .  

A muscov i t e  crys ta l  w h o s e  a and  b axes  were  de-  
t e rmined  wi th  a polar iz ing  mic roscope  was used. A 
pola r izer  fixed the d i rec t ion of  the electric field I~ o f  
the FIR radia t ion  in the inc idence  plane,  wh ich  is hor-  
izonta l  (Figure  1). Three  exper imen t s  were  p e r f o r m e d  
cor respond ing  to the ro ta t ion  of  the muscov i t e  c rys ta l  
about  c*  [i.e., norma l  to the (001) plane] ,  a, and  b. 
The  in-p lane  ro ta t ion  exper imen t s  about  c* and  the  
out -of -p lane  ro ta t ion  exper imen t s  about  a and  b were  
pe r fo rmed  by  rota t ing the crysta l  360 ~ abou t  each  axis  
(Figure 1). The  c o m p o n e n t s  o f  the t rans i t ion  m o m e n t  
rh i nvo lved  in each  ro ta t ion  are, respect ively,  rh~6.~, ~, 
fn~a,c, ), a n d  ~n(a,b ) (the pro jec t ion  o f  rh on  the p lane  per- 
pendicu la r  to the  ro ta t ion  axis). The  three  expe r imen t s  
were  pe r fo rmed  wi th  the ro ta t ion  axis pe rpend icu la r  to 
1~. The  angle  of  rotat ion,  ~b, is the  angle  a or  b makes  
wi th  I~. For  the ro ta t ion  about  c* and  a, qb = 0 ~ where  
b is paral lel  to 1~ (Figure  l a  and  lb) .  For  the  ro ta t ion  
about  b, ~b = 0 ~ where  a is paral lel  to E (Figure lc) .  
Expe r imen ta l  data  be tween  6 0 - 1 2 0  ~ were  not  co l lec ted  
w h e n  out -of -p lane  dichroic  m e a s u r e m e n t s  were  per- 
formed.  

R E S U L T S  

Figure  2 gives the  F IR  spectra  be tween  3 0 - 2 3 0  
cm-I  as a func t ion  o f  the angle  of  rotat ion,  ~b, o f  the 
muscov i t e  crys ta l  abou t  the  c* axis. A smal l  but  re-  
p roduc ib le  shif t  f rom 107 to 110 c m  -] is o b s e r v e d  as 
the angle  be tween  the electric field I~ o f  the F IR  ra- 
d ia t ion and  the axis b increases  f rom 0 to 90  ~ and  a 
shif t  f rom 110 to 107 c m  -l  occurs  w h e n  d~ increases  
f rom 90 to 180 ~ . To expla in  this  shift,  two bands  at 
107 and  110 c m  -1 are cons idered  (see be low)  for  K § 
in muscovi te .  Note  in F igure  2 that  the in tens i ty  of  the  
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Figure 1. Relationships of the crystallographic axes of mus- 
covite with respect to E. (a) rotation about c*, in-plane di- 
chroic character. Out-of-plane dichroic character shown for 
(b) about a and (c) about b. The angle of rotation, ~b, is the 
angle E makes with a or b. 

165-cm -~ b a n d  r ema ins  cons tan t  as the crysta l  is ro- 
ta ted about  c*, bu t  the 187-cm ~ b a n d  intensi ty  mini-  
mizes  at  90 ~ and  m a x i m i z e s  at  0 ~ and  180 ~ 

F igure  3 gives  the  F IR  spectra  o f  muscov i t e  as a 
func t ion  o f  the angle  of  rotat ion,  +, about  a. The  107- 
c m  -~ b a n d  does not  shif t  bu t  its in tens i ty  changes  
slightly.  The  in tens i ty  of  an  absorp t ion  b a n d  at 143 
cm-~ [not  seen in the  first series of  exper imen t s  (Fig- 
ure 2)] increases  and  decreases  as a func t ion  of  qb. The  
164- and  187-cm -~ b a n d s  are unaf fec ted  by  the rota-  
t ion of  the  muscov i t e  c rys ta l  about  a. Thus ,  the  out- 
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Figure 2. FIR spectra of a muscovite crystal rotated about 
the c* axis. 4) corresponds to the angle between E and b. 

of-plane dichroic  expe r imen t  about  a shows  also the 
exis tence  of  two absorp t ion  bands  for  K § in muscov i t e  
at 107 and  143 cm -t .  

F igure  4 gives the FIR spectra  of  muscov i t e  as a 
func t ion  of  the angle  of  rotat ion,  ~b, about  b. The  l l 0 -  
cm-~ band  remains  fixed in the  spec t rum but  its inten-  
sity changes  slightly. The  in tens i ty  of  the 143-cm 
band  increases  and  decreases  as ~b changes .  The  in ten-  
sity of  the 190-cm -t absorp t ion  band  is also affected 
by  the ro ta t ion  about  b. Thus ,  the out -of -p lane  d ichroic  
expe r imen t  about  b shows the  exis tence  of  two ab- 
sorpt ion bands  at 110 and  143 cm -E for  K + in mus-  
covite.  

D I S C U S S I O N  A N D  C O N C L U S I O N S  

Laperche  and  Prost  (1991)  s h o w e d  that  K § in mus-  
covi te  p roduces  absorp t ion  bands  near  110 and  140 
c m  J. The  presen t  p leochroic  s tudy of  the FIR absorp-  
t ion  bands  of  K § in muscov i t e  shows  the exis tence  of  
three dichroic  bands  at 107, 110, and  143 cm -~. For  a 
muscov i te  flake rota ted about  e i ther  c*, a, or b, only  
two bands  occur, respect ively,  at 107 and  l l 0  cm -~, 
107 and  143 c m  ~, or 110 and  143 c m  ~. The  inabi l i ty  
to obse rve  a v ibra t ion  m o d e  w h e n  the muscov i t e  crys-  
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Figure 3. FIR spectra of a muscovite crystal rotated about 
the a axis. ~b corresponds to the angle between E and b. 

tal is rotated about a crystal lographic axis perpendic-  
ular to the electric field E, implies  that this vibration 
mode  is parallel  to the rotation axis. Thus, the out-of- 
plane vibration mode  is perpendicular  to the (001) 
plane and both in-plane vibration modes  are, respec- 
tively, perpendicular  to the (100)* and (010) planes. 
In o ther  words ,  the t ransi t ion m o m e n t s  Fn143band, 
m l 0 7 b a z a d ,  and r ~ l l 0 b a n  d a r e  parallel  to the c*, b, and a 
axes, respectively.  

To obtain a more precise orientation o f  the vibration 
modes  o f  K + in muscovite ,  intensities were  plotted 
versus  ~b about the a, b, and c* axes. 

The in-plane d ichroic  character:  rotat ion abou t  c* 

A shift was observed  f rom 107 to 110 and to 107 
cm -~ as the muscovi te  crystal is rotated about c* from 
0 to 180 ~ (Figure 2). A mathematical  decomposi t ion,  
assuming two components  at 107 and 110 cm -~, was 
made to quantify the intensity of  each band as a func- 
tion o f  the rotation angle. The decomposi t ion  was 
made with the Opus software developed by Bruker, 
Inc. (Wissembourg,  France).  The band profile, the 
bandwidth,  and the posit ion remain identical for all 
decomposit ions.  Figure 5 gives the integrated intensity 
o f  the 107- and l l 0 - c m  -I bands versus  d~ about c*, 
and similar  plots are shown for a (Figure 6) and b 
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Figure 4. FIR spectra of a muscovite crystal rotated about 
the b axis. <b corresponds to the angle between E and a. 

(Figure 7). Calculated curves  were obtained by con- 
sidering that absorption-band intensity is a function o f  
Im~xCOS2~b, where Im~x is the max imum intensity of  
rh,07b~d and F n l l 0 b a n  d and ~b is the angle of  rotation be- 
tween b and the electric field E. Ima x is calculated by 
determining the slope of  the plot of  the intensity I o f  
rh~07 band and rhll0~and versus  cos2~b. The  fit be tween ex- 
perimental  and calculated data is excellent.  Note  that 
ffZl07b~n d and thl10ba~ d are perpendicular. The  m a x i m u m  
of the intensity occurs where ml07bana and fftlj0b~n o are 
parallel  to E (Figure 8a). 

The out -o f -p lane  character:  rotat ion abou t  a or  b 

Only absorption bands at 107 and 143 cm -~ are vis- 
ible in the (100)* plane for rotation about a (Figure 
3). The intensities of  both bands are plotted versus  ~b 
in Figure 6. The calculated values fit the exper imental  
data wel l  in the case o f  the 143-cm -1 band, but  not  for 
the 107-cm 1 band. However ,  the refraction angle and 
the optical path were not  considered. Nevertheless ,  the 
max imum intensity o f  the 107-cm -I band occurs 
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Figure 5. Integrated intensity of  the 107- (o) and 110-cm 1 
(I-q) F IR  absorpt ion  bands  of  K § as a funct ion of  the angle 
of  rotation between E and b. The muscovite crystal is rotated 
about an axis parallel to c*. - -  Calculated curve, I .... = 
13.5; - - - -  Calculated curve, Ima x = 15.25. 

where b, l~, and fftlo 7 b..d are parallel. Both components  
/~10V band and mt43band a r e  perpendicular (Figure 8b). 

Only  absorption bands at 110 and 143 c m  -I occur 
in the (010)  plane for rotation about b (Figure 4). The 
intensities o f  both bands are plotted versus ~b in Figure 
7. The calculated values fit the experimental  data wel l  
for the 143-cm -1 band, but not for the l l 0 - c m  1 band. 
Nevertheless ,  the m a x i m u m  intensity o f  the 110-cm 1 
band occurs where a, 1~, and ~ j  10 b~.d are parallel. Both 
components ,  ffhl0ban~ and m143band, a r e  perpendicular 
(Figure 8c). 

Space group and site symmetry considerations 
In the optically active vibrational modes  o f  crystals, 

all primit ive unit cel ls  vibrate in phase over long dis- 
tances compared with the unit-cell  d imensions .  Thus, 
the fundamental  crystal vibrations can be assigned to 
the point-group symmetry  equivalent  to the space 
group without translational features. The muscovi te  
structure is convent ional ly  described with a C-centered 
unit cel l  (C1 2c 1) which  contains two primitive (P) 
unit cei ls  for which  the equivalent  point group is C2h. 
The P cel l  contains two potass ium cations which  lie 
on C2 axes, parallel to the b axis o f  the crystal. They 
are related through a center o f  symmetry  (Fletcher et 
aL, 1996). 

Reference to the table for C2h symmetry  in Farmer 
(1974b)  shows  that the potass ium ions contribute one 

2> 

Figure 6. Integrated intensity of the 107- (o) and 143-cm 
(A)  FIR absorpt ion bands  of  K +, as a funct ion of  the angle 
of  rotation between E and b. The muscovite  crystal is rotated 
about the a axis. - - - -  Calculated curve, Im~ = 12.33. 
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Figure 7. Integrated intensity of the 110- ([S]) and 143-cm -~ 
(A) FIR absorpt ion bands  o f  K § as a funct ion o f  the angle 
of  rotation between E and a. The muscovite  crystal is rotated 
about the b axis. - - -  Calculated curve, Im~x = 11.37. 
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vibration to each o f  the Au and Ag symmetry  types o f  
the crystal  and two vibrations to each of  the Bu and 
Bg symmetry  types. The Au vibration develops a tran- 
sition moment  parallel to b, and the Bu transition mo-  
ments are perpendicular  to b, but their directions in 
this plane are not specified by the site symmetry.  The 
Ag and Bg vibrations are inactive in the infrared, but 
potentially active in Raman spectra. 

Inspection of  the immedia te  envi ronment  of  the po- 
tassium shows that the coordinating oxygen  atoms are 
approximately related by a C3i axis o f  symmetry  par- 
allel to c* with the potassium ion on the inversion 
center. I f  the symmetry  were exact  for a Cai axis, then 
the potassium vibrations would  consist of  a doubly 
degenerate  vibration perpendicular  to c* and a vibra- 
tion parallel to c*. Because  the symmet ry  is only ap- 
proximate,  the degenerate vibration is split to give two 
in-plane vibrations at 107 and 110 cm -1. The  space- 
group symmetry  requires that in the 107-cm -~ vibra- 
tion, the potassium ions vibrate parallel to b, and hence 
it is an Au-type vibration. The  other vibration, at 110 
cm -l,  is a Bu type in which the potassium motion is 
perpendicular  to b and thus parallel  to a. The  143-cm -] 
vibration, which is parallel to c*, is another B u type. 
Thus, the observat ions reported here match exactly the 
predictions based on the local site symmet ry  and en- 
vi ronment  o f  the potassium. 

The out-of-plane potassium vibration at 143 cm -1, 
which has a much  higher  frequency than those o f  the 
in-plane vibrations, is not  indicative of  a force constant 
o f  this vibration being much larger than those of  the 
in-plane vibrations. For  infrared observat ions  using 
crystal sheets substantially thinner than the excit ing 
radiation, out-of-plane absorption bands are observed 
at a f requency corresponding to the longitudinal vi- 
brational mode  of  bulk crystals. Where  a strong dipole 
oscil lat ion is generated by the vibration, this longitu- 
dinal frequency is substantially higher  than that of  the 
corresponding transverse vibrational mode.  The in- 
plane vibrations of  thin sheets are observed  at the fre- 
quency of  the transverse mode  (Farmer and Russell ,  
1966), and this alone may  account for the difference 
in frequency. 

The 165-cm -~ band shows little or no variat ion in 
intensity or f requency as the crystal  is rotated around 
c* and this suggests that it arises f rom the vibrat ion 
of  atoms which are related by the approximate C3~ 
symmetry.  The 187-cm -] band is clearly an A,  vibra- 
tion which has no corresponding B~ vibrat ion in the 
spectrum. Hence,  this band is probably associated with 
the octahedral  sheet, which deviates considerably f rom 
C31 symmetry.  

E 

<-- 

Figure 8, Orientation with respect to the crystallographic 
axes of the vibration modes of K + in muscovite. 
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