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The permanganate spectrum has been remeasured at liquid hydrogen and helium tem- 
peratures using spectrographs with reasonably high dispersion. Evidence is found for four 
absolution band systems. The first one is assigned as iA 1 ~ i T  2 and displays a great deal of 
vibrational structure starting with the 0 0 line located at 18,072 em -1. The second transition 
found at 25,000 to 30,000 cm -1 is rather featureless. The third transition with maximum at 
33,000 cm - i  shows a simple progression in quanta of 750 em -i .  The fourth band is completely 
featureless with maximum intensity at 43,500 em-k These findings are compared with a 
simplified SCF LCAO MO calculation. 

Das Permanganat-Spektrum wurde bei Temperaturen von fliissigem Wasserstoff und 
Helium unter Verwendung eines ausreiehend auf15senden Spektrographen neu vermessen, 
wobei vier Absorptionssysteme gefunden wurden. Dem ersten von ihnen wurde ein iA i ~ i T  2- 
l)bergang zugeordnet; es besitzt eine ausgepri~gte Vibrationsstruktur (0--0-Bande bei t8,072 
em-i), w/~hrend das folgende zwisehen 25,000 und 30,000 cm -1 kaum eine Struktur zeigt. Der 
dritte ]Jbergang mit Maximum bei 33,000 em - i  zeigt einfaehe Progressionen entspreehend 
Quanten yon 750 em - i .  Die vierte Bande schlielMieh ist vollkommen strukturlos und hat  ihr 
Maximum bei 43,500 em-L Diesen Daten wurden die Ergebnisse einer einfaehen SCF-LCAO- 
MO-Reehnung gegeniibergestellt. 

Le spectre du permanganate de potassium a 6t6 r66tudi6 aux temp6ratures de l'hydrog8ne 
et de l'h61ium liquide en utilisant des spectrographes s dispersion raissonnablement 61ev6e. On 
trouve la preuve de la pr6sence de quatre systbmes de bandes d'absorption. Le premier, 
attribu6 & 1A 1 ~ 1T2, poss~de une forte structure vibratiormelle eommeneant ~ la bande 0 - -0  
situ6e ~ 18.072 em-L La seconde transition situ6e entre 25.000 et 30.000 cm - i  est plutot sans 
structure. La troisi~me transition avee un maximum & 33.000 em -~ pr6sente une progression 
simple de 750 cm -1. La quatri~me bande est compl~tement sans structure et a son maximum 
vers 43.500 em-L Ces observations sont compar6es avee un ealcul simplifi6 SCF LCAO MO. 

Introduction 

T e l t o w ' s  o ld  m e a s u r e m e n t s  [1, 2] o f  t h e  l ine spec t ra  o f  K M n O  4 d i s so lved  in  

K C I O  4 h a v e  been  a n a l y z e d  a n d  i n t e r p r e t e d  in  some  de ta i l  b y  WOLFSBERG a n d  

HELMHOLZ [3] a n d  BALLHALTSEN [~]. U s i n g  t w o  d i f fe ren t  e l ec t ron ic  l eve l  s chemes  

as t h e  basis  for  t h e  analys is ,  b o t h  c l a imed  t h a t  a r ea sonab le  a g r e e m e n t  b e t w e e n  

t h e o r y  a n d  e x p e r i m e n t  cou ld  be  ob t a ined .  T h e  e x p e r i m e n t a l  r esu l t s  r e p o r t e d  b y  
TELTOW were  o b t a i n e d  us ing  a s p e c t r o g r a p h  w i t h  r a t h e r  smal l  d i spe r s ion ;  as  a 
r e su l t  some  of  t h e  spec t ra l  de ta i l s  l ook  r a t h e r  u n c o n v i n c i n g .  F u r t h e r m o r e  since 
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the  electronic s t ruc ture  of  the  p e r m a n g a n a t e  ion has  been the  subjec t  of  con- 
s iderable  con t roversy  (see e.g. the  p a p e r  b y  DAHL and  BALLtIAUSEN [5]) i t  was 
t h o u g h t  wor thwhi le  to  r epea t  and  ex t end  some of  the  old measurements .  

Experimental 

!~Ieasurements were made upon single crystals of KMn04/KCIO 4 at 20 ~ and 4.2 ~ 
using both a Cary 14 spectrophotometer and a Zeiss 2 m grating spectrograph with dispersion 
N6 A/mm in the region of interest. The 20 ~ spectra were obtained using a Cryo-Tip liquid 

cryostat in conjunction with the Cary. The 4.2 ~ spectra were recorded using either an 
immersion dewar in connection with the Zeiss instrument or obtained from a conductively 
cooled sample, using the Cary ~4. 

Polarization of the incident light was achieved using a single Glan-Thompson prism for 
:measurements with the Zeiss instrument and with both the sample and reference beams 
polarized by Glan-Thompson prisms in the Cary i4. Absorption spectra were recorded with the 
electric vector parallel to both the a and b axis of the mixed crystal. The crystal faces were 
identified using Teltow's analysis. The positions of the sharp progression maxima are correct 
to t0  cm -1. For the shoulders and broader bands the positions are in certain ideal cases again 
correct to l0  cm -1, but not better than ~30 cm -1 in other cases. 

ResuRs 

The absorp t ion  spec t rum observed  a t  4 ~  wi th  t he  electr ic  vec tor  ]lb is 
shown in Fig.  i .  I f  th is  spec t rum is compared  to  the  corresponding spec t rum of  
Tel tow's ,  several  differences are i m m e d i a t e l y  obvious.  F i r s t ,  the  weak  sys tem 
repo r t ed  b y  TELTOW to occur below t7,000 cm -1 is no t  observed.  Whi le  this  m a y  
be due to  an  insufficient  ra t io  of  K M n O  4 to  KCIO 4 in  our  c rys ta ls  i t  should  be 
no ted  t h a t  the  analogous  weak  sys tem of  bands  be tween  24,500 cm -1 and  30,000 
cm -1 is observed.  Second,  TELTOW d id  no t  r epo r t  t he  m o d e r a t e l y  b r o a d  s t rong 
abso rp t ion  in the  24,500 cm -~ to  30,000 cm -x region upon  which the  above  weak  
sys t em is super imposed.  F ina l l y  t he  s t rong b a n d  which we observe a t  N43,500 cm -1 
was l ikewise no t  observed  b y  TELTOW. 

The s t rong vis ible  sys t em commencing  a t  ~18 ,000  cm -1 shows definite 
differences in de ta i l  be tween  the  two polar iza t ions .  The  first " c o m p o n e n t "  in  
each po la r iza t ion  is shown in Fig .  2. There  is also a mode ra t e  difference in i n t ens i ty  

i ~ l i b  10140 
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Fig. I.  Absorption spectrum of KMnO a dissolved in KCIO a at liquid helium temperature. The 
electric vector is parallel to b. Relative extinction coefficient as ordinate 
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between the  I1~ and lib polarizations for the first sys tem which is not  mir rored b y  
the other  s trong bands.  Between 25,000 and  30,000 cm -1, the  low energy absorp-  
t ions are more  p rominen t  in the [[a polarizat ion t han  in the  I]b while the 28,i50, 
2 8 , 9 5 0  a n d  2 9 , 7 5 0  cm -1 peaks  are bare ly  visible I1~- Above  30,000 cm -1 the  II a 
and  lib spectra  are v i r tual ly  identical. 

The spec t rum falls into four regions. The  first region goes f rom 18,000 cm -1 to 
23,000 cm -1. This pa r t  is character ized b y  a great  deal of  fine structure.  The  
second region goes f rom 24,500 cm -1 to 30,000 cm -1. Here  we find a simple 
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Table 1. Measured and calculated absorption peaks in lirst band (1A 1 ~ iT2) system 

lla 
Measured Frequency C~eulated Proposed Assignment 
Intens~y~ ~requeney b 

47 18074 18074 A'(I)  
53 18094 18094 A'(2) 
15 18345 18346 A'(I)  + v a 
20 18415 18408 A'(I)  + v~ 
18 18430 18428 A'(2) + v 2 

5 18623 18618 A'(I)  + 2v a 
18843 A'(I) + vi 

85 18849 A'( t )  or A'(2) + vi 
unresolved 

18862 A'(2) + v~ 
27 i9114 191t4 A'(I) + v i + v a 
29 19181 19176 A'( t )  + v i + v 2 
27 19203 19196 A'(2) + v i + v 2 

8 19388 19386 A'(I)  + v x + 2v a 
19610 A'( t )  + 2v~ 

77 19611 A'(I) or A'(2) unresolved 
19630 A'(2) + 2v i 

27 19876 19882 A'(I) + 2Vl + v a 
24 19957 19964 A'(2) + 2v i + v2 

7 20152 20154 A'(I) + 2Vl + 2vs 
44 20374 20278 A'(I) + 3v 1 
43 20398 20398 A'(2) + 3v i 
16 20645 20650 A'(1) + 3v~ + v a 
15 20718 20732 A'(2) + 3v~ + v~ 

5 20916 20922 A'(I) + 3vx + 2v3 
21146 A'(I) + 4vl 

25 21143 
21116 A'(2) +4vx 

12 21425 21418 A'(I)  +4v  i + v a 
11 21490 21500 A'(2) + d v ~ +  v 2 

21914 
12 21905 A'(I) + A'(2) + 5v~ 

21934 
8 22157 22177 A'(I) + 5v 1 + v a 
8 22251 22268 A'(2) + 5vl + v 2 
7 22667 A'(I) + A'(2) +6v~ 

Calculated with reference to most intense band in polarization lib. 
v i = 768 cm -1, v2 = 334 cm - i ,  v a = 272 cm - i .  

v i b r a t i o n a l  p r o g r e s s i o n  s u p e r i m p o s e d  u p o n  a f e a t u r e l e s s  (?) b r o a d  b a c k g r o u n d .  T h e  

t h i r d  r eg ion  goes  f r o m  30,000 c m  - i  t o  38,000 e m  -1 a n d  cons i s t s  o f  a s ingle  p rog res -  

s ion  in  q u a n t a  o f  750 e m  -1. T h e  f o u r t h  r eg ion  goes  f r o m  30,000 e m  -1 t o  4 6 , 0 0 0 c m  -x 

a n d  is m a d e  u p  o f  a b r o a d ,  f e a t u r e l e s s  a b s o r p t i o n  b a n d .  T h e  i n t e g r a t e d  i n t e n s i t i e s  

o f  all  t h e s e  b a n d s  c h a r a c t e r i z e  t h e m  as s p i n  a l l o w ed  t r a n s i t i o n s .  F r o m  t h e  g e n e r a l  

p a t t e r n  a n d  f r o m  t h e  ana ly s i s  p r e s e n t e d  be low,  we  feel  t h a t  we  are  dea l ing  w i t h  

fou r  e l ec t ron ic  t r a n s i t i o n s .  
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Measured Frequency Calculated Proposed Assignmen~ 
Intensity Frequency ~ 

74 18072 18072 A"  
35 18138 18139 A" + % 
24 18206 18204 A"  + 2v 0 
t4 18353 18350 A"  + v 3 
17 18369 A ~ + 297 

8 18435 A" + 297 + ~0 
7 18501 A" + 297 + 2% 
5 18633 18628 A" + 2~ 3 

100 18842 18841 A" + h 
59 18905 18907 A" + h + ~o 
43 18972 18973 A" + h + 2v0 
27 19127 19120 A" + h + v3 
25 19156 A" + h + 314 
4 19391 19399 A" + h + 2va 

96 19602 19610 A" + 2 h  
60 19667 19676 A" + 2 h + % 
42 19734 19742 A" + 2 h + 2~0 
23 19888 19888 A" + 2 h + % 
20 19929 A" + 2v~ + 327 
6 20614 20166 A" + 2h + 2va 

59 20380 20379 A" + 3 h 
14 20655 20567 A"  + 3 h + va 
t l  20712 A" + 3 h + 332 
27 21145 21148 A"  + 4 h 
8 21418 21426 A" + 4 h + v a 

1O 21915 21917 A" + 5 h 

c h = 769 cm-1; ~3 = 278 cm-1; v 0 = 66 cm -1. 

F i r s t  B a n d  S y s t e m  

The first b a n d  system starts  a t  t8,072 cm -1 and  has its m a x i m u m  at  about  
20,000 em -1. The v ibra t ional  pa t t e rn  is very  complicated result ing in  a high degree 
of complexity.  The analysis presented in  Tabs. i and  2 show tha t  we are dealing 
with a single electronic t rans i t ion  from the orbi tal ly non-degenerate  groundsta te  
to a threefold orbi ta l ly  degenerate state. By  the low site symmet ry  the upper  state 
is split  into three components.  Using the nomencla ture  of I~ef. [4] we find for the 
Ila spect rum two origins A ' ( I )  and  A'(2) at  18,074cm -1 and  18,094 cm -1 res- 

pectively, lib we find only one origin oceuring a t  18,072 (A"). 
Taking now the average of all the re levant  vibrat ions  which appear th roughout  

the entire visible system we can ident ify three different vibrat ions  : ~1 = 768 cm -1, 
v~ = 334 cm -1 and  va = 272 cm -1. I f  we first consider the ]la spectrum we find 
built upon A'(i) one quanta of~ at 18,415 cm -I and two quanta of~ 3 at 18,345 cm -z 

and 18,623 cm-L Built upon the Ar(2) origin is one quanta of v 2 at 18,430 em -I. 

These assignments  follow those given in  t~ef. [4]. 
Following this complicated system there are seven fur ther  systems separated 

by  ~1- A ' ( I )  + ~1 and  A'(2) + ~1 are unresolved (and remain  unresolved un t i l  the 



3t8 S.L.  HOLT and C. J. BALLHAUSEN: 

4th member of the series) and their combined maximum occurs at 18,849 cm -1. 
However, A'(~) § vl § v3 occurs at  i9 , i i4  cm -1 and A'( i)  + Vl + 2v3 at 19,388; 
A'( l )  + v 1 + v 2 occurs at i9 , i8 i  and what we have assigned as A'(2) + v I + v 2 is 
present as a weak shoulder at 19,203 cm -1. This then is the general pattern 
throughout. I t  is of further interest that  on the high energy side of all A'(l) ,  
A'(2) + nva a broad shoulder occurs. This is probably an unresolved lattice vibra- 
tion v o. 

[]b - Within the limits of resolution of the instruments used there is only one 
origin and that  occurs as previously stated at i8,072 (A"). Even though this falls 
only 2 cm -1 from A'(i) ,  the separation is probably real. The v0 lattice vibrations 
are very prominent in this polarization and two members of v3 i.e., A" § va and 
A" + 2~ a are seen at i8,350 cm -1 and t8,628 cm-L However, an unresolved prob- 
lem lies with the peak at 18,369 cm -~ and the shoulders at i9,156 cm -1, 19,929 cm -1, 
etc. This seems to be an a~harmonic vibration and appears in both the 20 ~ and 
4.2 ~ spectra. I t  is possible but not very likely that  its position is a function of 
the intensity of A" § nv3. For a full identification of this band see Tab. i. The 
(0--0) band and the associated vibrations are pictures in Figs. 2a and 2b. 

The Second Band System 

The absorption in the region 25,000 cm -1 to 30,000 cm -1 consists of seven 
peaks superimposed upon a strong background. From the irregular intensity 
patterns we feel that  we are observing on the high frequency side a superposition 
of vibrations belonging to the third system on a nearly structureless band. The 
vibrational structure on the low frequency side is on the other hand most likely 
associated with the second electronic system. 

The Third Band System 

A very regular progression in 750 cm -~ is observed, the maximum occuring at 
33,000 cm-L There is no doubt that  we are only dealing with one electronic transi- 
tion. 

The Fourth Band System 

This completely featureless band has its maximum at 43,500 cm -1. Again we 
are evidently only dealing with one electronic transition. 

Discussion 

As demonstrated we have found evidence for four spinallowed electronic 
transitions oceuring at 2.3 eV (~st system) 3.5 eV (2. system) 4.0 eV (3. system) 
and 5.5 eV (4. system). Performing a molecular orbital calculation D ~ L  and 
BALLtIAVSE~ [5] arrived at the level scheme given in abbreviated form in Fig. 3. 
The calculated transition energies are given in Tab. 2. Notice, however, that  in 
this table the first transition at 2.3 eV has been used to "scale" the exchange 
integrals occuring in the evaluation of W(1A1 ~ 1X, u ~ v). 

The interesting feature emerged from the calculation [5] that  the 3t~ level has 
64% ligand ~ orbital character. The t I and to slighter extent the 3t 2 orbitals can 
therefore to good approximation be characterized as non bonding ligand ~ orbitals. 
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The (t 1 -~ 2e) or (3t 2 -~ 2e) t rans i t ions  are therefore  expec ted  to  resemble  each o ther  

a g rea t  deal,  bo th  being ~ -~ z*.  
T h a t  the  t r ans i t ion  found  a t  2.3 eV is to  be assigned to  the  o rb i t a l ly  a l lowed 

t r ans i t ion  1A 1 ~ 1T 2 (t 1 -+ 2e) is b y  now genera l ly  agreed upon  [5--9]. F r o m  the  
above  i t  follows then  t h a t  the  4.0 eV b a n d  is associa ted with  a 1A 1 -~ 1T 2 (3t 2 -> 2e) 
t rans i t ion .  These two bands  are so s imilar  in  appea rance  t h a t  this  seems the  only  
na tu r a l  conclusion, especial ly ff we r emember  t h a t  ~ ~ z*  t rans i t ions  cus tomary  
show a grea t  dea l  of  s t ructure .  

The ass ignment  of  the  5.5 eV sys tem is r a the r  doubtful .  However ,  i f  the  calcu- 
l a t ion  r epor t ed  in ReL [5] is to  be a guide,  i t  seems na tu r a l  to  assign i t  to  an  orbit= 
a l ly  fo rb idden  t r ans i t ion  involving a p romot ion  of  an  electron f rom the  bonding  
2a 1 orbir to  the  an t ibond ing  2e orbi ta l .  

Table 2. Calculated and measured absorp- 
tion band maxima/or M_nO-~ 

Transition Transition energy eV 
calculated 

t 1 -~ 2e (2.3) 
t 1 --> 4t 2 9.3 

3t 2 -+ 2e 3A 
ie -+ 2e 3.5 

2a 1 -~ 2e 6.5 

Fig. 3. Part of SCF-LCAO-M0 energy diagram for MnO~- 

W 

- -  3 a  1 (s ,O)(1.?O ev )  
4 t 2(P,d)(O.56ev ) 

2e ( d,K)(- 4.88ev) 

XX,~XX~. t 1 (1~) (-15.16ev) 
X X , ~ X •  3t2('E) (-16.53ev) 

X X X X  1 e(d, / [ )  (- 18.49ev) 
X X 2al {s,O') {- 18.55ev) 

The 3.5 eV sys tem is the  mos t  difficult  one to  assign. Again ,  f rom a ealculat-  
ional  po in t  of  v iew [5], the  le  orb i ta l  seems to be involved,  and  ve ry  t e n t a t i v e l y  
we in t e rp re t  i t  as an  o rb i t a l ly  forb idden  ( l e  -~2e)  t rans i t ion .  I f  we a d m i t  the  
poss ib i l i ty  of  observing such t rans i t ions  we mus t  ask w h y  we do no t  observe 
1A~-~ 1T 1 (t 1 ~ 2 e )  or the  1A 1 - ~ I T  1 (3t 2 -~2e) t rans i t ions .  A c t u a l l y  the  l as t  
ass ignment  is the  one sugges ted  b y  VISTE and  G~Au [6] for the  3.5 eV band .  I t  is, 
however ,  l ike ly  t h a t  configurat ion in te rac t ion  be tween the  exc i ted  s ta tes  is im- 
po r t an t ,  and  t h a t  these  s ta tes  are covered or pushed  out  of  the  inves t iga ted  
in terva l .  As to  the  p l acemen t  on the  energy scMe we cannot  expec t  a n y  help  
f rom the  avai lab le  calculat ions [5, 6, 7]. 

The exc i t a t ion  (t I -~ 2e) produces,  as is easi ly  seen, a t o t a l  n u m b e r  of  four  
s ta tes ,  n a m e l y  1Ts, 1T2, 8T 1 and  ~T 2 s tates .  

A simple calcula t ion [4] indicates  t h a t  the  order  of  these  levels is E(1T2) > 
E(1T1) > E(aT1) ~ E(aT~). W e  would  cer ta in ly  expec t  a configurat ion in te rac t ion  
to  be able to  push  1T 1 even fur ther  down. Bu t  how far  ? Has  i t  crossed the  spin- 
t r ip le t s  ? We have  scanned the  p e r m a n g a n a t e  spec t rum all  the  w a y  down to 
8250 cm -1 a t  20 ~  and  to  i2,500 cm -1 a t  4.2 ~ There  seems to be a b road  band  
whose center  is abou t  ~0,500 cm -1, bu t  i t  m a y  only  be a base line effect. The  to ta l  
i n t eg ra t ed  in t ens i ty  of  th is  band  is less t h a n  l0  -a of  the  ma in  band.  
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A fur ther  inves t iga t ion  of this  low-lying b a n d  is under  way using more ad- 
vanced techniques and  the results ~511 be publ ished in  due course. 
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