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Optical properties of the 1:2 compound of dimethylferrocenium 
with tetracyanoquinodimethanide: [(Me2Fc)(TCNQ)2]
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We present the results of a study of the room -tem perature polarized reflectance of (1:2) 1,1'- 
dimethylferrocenium ditetracyanoquinodimethanide [(Me2 Fc)(TCNQ)2] over the range between the 
far infrared and the near ultraviolet. K ram ers-K ronig analysis of the reflectance is used to deter­
mine the optical properties of the compound. Vibrational features are evident at low frequencies 
whereas electronic excitations, including charge transfer between TCNQ molecules, are observed at 
higher frequencies.

I. IN T R O D U C T IO N

T h e  c h a rg e - tran s fe r sa lts  o f  7 ,7 ,8 ,8 -te tracyano - 
q u in o d im e th an e  (T C N Q ) have an iso tro p ic  s tru c tu ra l, e lec­
tr ica l, o p tica l, an d  m ag n e tic  p ropertie s. T h e  s tru c tu re  o f  
th e  h ig h ly  co n d u c tin g  sa lts , w ith  co n d u c tiv ities  a  a t 300 
K  in  th e  10— 1 0 0 -f l - 1  c m - 1  range , genera lly  consists  o f  
o n e -d im ensiona l ch a in s  o f  equally -spaced  T C N Q  m ole­
cules. In  o th e r  sa lts , th e  T C N Q  m olecu les have  unequa l 
sep a ra tio n s— they  ap p ea r as d im ers, tr im e rs , te tram ers , 
etc. T hese  sa lts  have  con d u c tiv itie s  w h ich  are  m u ch  
low er: cr(300 K ) =  10- 5 —10 H - 1  c m - 1 .

T h e  s t ru c tu r e 1 o f  (1:2) l,l '-d im e th y lfe rro c e n e n e -  
(T C N Q )2, o r (M e 2 F c )(T C N Q )2, is tric lin ic , w ith  seg rega t­
ed ch a in s  o f  T C N Q  m olecules an d  o f  M e2F c  d o n o r m o le­
cules [w h ich  consis t o f  an  iro n  ion  F e2+ sandw iched  be­
tw een  tw o  m eth y lcy c lo p en tad ien y l (C H 3 C 5 H 4 - ) m o lecu ­
la r  ions]. T hese  ch a in s  a re  p ara lle l to  th e  c ry s ta llo g rap h ic  
b axis. T h e  T C N Q  u n its  a re  equally  spaced  a long  th e  
ch a in , b u t th e  tw o  T C N Q  m olecules in  each  u n it cell a re  
c ry s ta llo g rap h ica lly  d is tin c t in  th a t  th e  ex tracyc lic  doub le  
C — C  bonds a re  d iffe ren t. H ow ever resonance  R a m a n  
m e a su re m e n ts 1 in d ica te  th a t  a ll T C N Q  m olecu les possess 
a  ch a rg e  o f  0 .42 ± 0 .1 0 .

I t  h as  been p ro p o sed 1 th a t  th e  a lte rn a tin g  b o n d  leng th s 
m ay  be due  to  th e  p resence o f  a  P eierls gap  s tab ilized  by 
in tra m o le c u la r  d is to rtio n s  (in a  “ large- U”  p ic tu re ; see d is­
cussion  below ). T h e  in tram o lecu la r d is to rtio n  suggests a 
view  o f  th is  system  as consis ting  o f  p a irs  o f  d im ers , each  
co n ta in in g  one u n p a ired  e lec tron . A  second  w ay o f  
describ ing  th is  m a te ria l w ou ld  be to  view  it as b u ilt fro m  
te tram ers , fo u r  m olecu les sh a rin g  tw o  e lec trons. T h is  
m o re  co m p lica ted  view  allow s C o u lo m b  co rre la tio n  e f­

fec ts to  be considered . In  th is  p ap e r w e describe  th e  tr a n s ­
p o rt an d  o p tica l p ro p ertie s  o f  (M e 2 F c )(T C N Q )2. T hese  
m easu rem en ts  allow  us to  in v estig a te  th e  ro le  o f  e lec tron - 
e lec tron  an d  e lec tro n -p h o n o n  in te rac tio n s  in  th is  m a te ria l.

II. E X P E R IM E N T A L  RESU LTS

A. T ransport m easurem ents

F o u r-p ro b e  e lec trica l co n d u c tiv ity  m easu rem en ts  a re  
show n  in  F ig . 1. T h e  co n d u c tiv ity  decreases sm o o th ly  
fro m  its 300 -K  value  o f  0 .03 H - 1  c m - 1  w hen  te m p e ra tu re  
is decreased. T h e  co n d u c tiv ity  is w ell f i t  by d ecom posing  
it  in to  th e  p ro d u c t o f  m o b ility  fj, (vary ing  as T ~ a ) an d  
ca rr ie r  co n cen tra tio n  (exponen tia lly  ac tiva ted )

T(K )

FIG . 1. dc conductivity of (Me2 Fc)(TCN Q ) 2 vs tem perature.
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P h o to n  E n e rg y  (e V )
0  1 2  3

FIG . 2 . Polarized reflectance of (Me2 Fc)(TCN Q ) 2 at room 
tem perature for polarization parallel (solid line) and perpendicu­
lar (dashed line) to the stacking axis.

a = e f i n 0e ~ ^ /k T , ( 1 )

w here  A is th e  h a lf  g a p . 2 , 3  T h e  d a ta  o f  F ig . 1 yield 
2A =  0.2 eV (1600 c m - 1 ) w hen  we ta k e 2 , 3  a  =  4.

B. O ptical m easurem ents

P o la rized  re flec tance  m easu rem en ts  have  been m ad e  on 
single c ry s ta ls  o f  (M e 2 F c )(T C N Q ) 2  a t  room  tem p era tu re . 
T h e  a p p a ra tu s  an d  tech n iq u es have  been described  p rev i­
ou sly . 4  F ig u re  2 show s th e  fa r  in fra re d  (20 c m _ 1/2 .5

P h o to n  E n e rg y  (e V )

FIG . 3. Frequency-dependent conductivity obtained by 
K ram ers-K ronig analysis of the reflectance for room tem pera­
ture (Me2 Fc)(TCNQ)2. The conductivity is shown parallel and 
perpendicular to the stacking axis.

P h o to n  E n e rg y  (e V )
0  0 . 2  0 . 4  0 . 6  0 . 8

FIG . 4. Frequency-dependent conductivity at low frequen­
cies.

m eV ) to  u ltrav io le t (30000  c m - 1/3 .7  eV) reflec tance  fo r 
th e  e lec tric  fie ld  vec to r o rien ted  para lle l an d  p e rp en d icu ­
la r  to  th e  s tack in g  axis. E lec tro n ic  tran s itio n s  in th e  sa lt 
cause b ro ad  m ax im a  in  th e  sp ec tra  w hile  m o lecu la r v ib ra ­
tio n s lead  to  ad d itio n a l sh a rp  fea tu res  a t low  frequencies. 
W ith  th e  elec trica l fie ld  p ara lle l to  th e  ch a in  axis ( £ | | ) ,

P h o to n  E n e rg y  (e V )
0  0 . 2  0 . 4  0 . 6  0 . 8  1.0

FIG . 5. Real part of the dielectric function obtained by 
K ram ers-K ronig analysis of the reflectance for room tem pera­
ture (Me2 Fc)(TCNQ)2.
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th e  re flec tan ce  ex trap o la tes  to  ab o u t 30%  a t zero  fre q u e n ­
cy. In  th e  tran sv e rse  p o la r iza tio n  ( E ± ), th e  re flec tan ce  is 
q u ite  low  th ro u g h o u t m o s t o f  th e  ran g e  show n  b u t 
fea tu res  a  sh a rp  increase  a ro u n d  1 0 0 0  c m - 1  an d  a  zero- 
freq u en cy  value  o f  ab o u t 4 5 % .

T h e  rea l p a r t  o f  th e  co n d u c tiv ity , cr\(co) (determ ined  by 
K ra m e rs -K ro n ig  analysis o f  th e  reflectance), over th e  en ­
tire  ran g e  covered  is show n in  F ig . 3; th e  low -frequency  
ran g e  is show n  in  F ig . 4. T w o  b ro ad  m ax im a  in  th e  E  |( 
cu rve  a re  c learly  p resen t a t ab o u t 3000 c m - 1  (0.38 eV) 
a n d  11000  c m - 1  (1.4 eV). A  w eak, b ro ad  m ax im u m  in  
th e  E i  re flec tiv ity  cu rve  a t 15 000 c m - 1  (2 eV) appears  as 
a  w eak  in flec tio n  in  th e  co n d u c tiv ity  cu rve , w hile  th e  o th ­
er m ax im a  betw een  23 000 an d  29 000 c m - 1  (2.9—3.6 eV) 
a re  c lea rly  seen.

T h e  rea l p a r t o f  th e  d ie lec tric  fu n c tio n , € x(co), is show n 
in  F ig . 5 fo r  th e  low -frequency  range. F o r  frequencies 
nea r th e  co n d u c tiv ity  m ax im a , th e  d ie lec tric  fu n c tio n  
d isp lays th e  u sual derivative like  s tru c tu re . A  value  o f  
ab o u t 14 fo r  th e  ch a in -ax is  d ie lec tric  c o n stan t is ob ta ined  
by e x trap o la tio n  to  zero  frequency .

III. D ISC U SSIO N

A. Electronic transitions

T h e  e lec tron ic  tran s itio n s , w h ich  we see as b ro ad  m ax i­
m a  in  th e  cri(co) sp ec tra , fa ll in to  tw o  c lasses . 5 - 1 7  T hose  
a t h ig h  energies generally  resu lt fro m  exc ita tions o f  single 
T C N Q  m olecu les an d  a re  called  localized  excita tions: 
L E I , L E 2 , etc. T h e  low er-energy  bands, p o la rized  in  th e  
s tack in g  d irec tio n , a re  due  to  in te rac tio n s  am o n g  th e  m o l­
ecules an d  a re  ca lled  ch a rg e -tran s fe r bands: C T 1 , C T 2 , 
etc. T h e  energies an d  o sc illa to r s tren g th s  o f  these 
c h a rg e - tran s fe r bands a re  c learly  re la ted  to  th e  elec tron ic  
s tru c tu re  o f  th e  co m p o u n d , b u t th e ir  in te rp re ta tio n  m ay  
depend  on  w h e th e r e lec tron -e lec tron  o r e lec tron -phonon  
in te rac tio n  is v iew ed as th e  m o re  im p o rtan t. T h e  f irs t 
view  (a H u b b a rd  p ic tu re ) leads in its  ex trem e (zero b a n d ­
w id th ) lim it to  th e  e lec trons being localized  on  specific  
sites in  a  W ig n er la ttice . T h e  secound  view  (a P eierls p ic ­
ture) leads to  a  d is to rtio n  o f  th e  la ttice  an d  m olecu les w ith  
a gap  opened  a t th e  F e rm i su rface .

B. H ubbard  picture

F o r  th e  q u a rte r-f illed -b an d  case, such  as (M e 2 Fc)- 
(T C N Q ) 2  w ith  e lec trons on average occupy ing  every o th e r 
site, it is im p o r ta n t to  consider an  ex tended  H u b b a rd  p ic ­
tu re , 1 8 - 2 1  w h ich  inc ludes h o p p in g  fro m  site  to  site, t, o n ­
site  C o u lo m b  rep u lsio n  energies, £/, n eares t-ne ighbo r ener­
gies, V \y an d  n ex t-n earest-n e ig h b o r energies, V 2. T h e  
H a m ilto n ia n  is

^   ̂ 4- + 1 U  ^ i ^ i l
i ,a  i

+  T ^ l  2 »i(»( + | + « i - l ) + T K 2 2 # /(«f+ 2 +  B, _2)
/ i

(2 )

w here  / rep resen ts  a site  on  th e  cha in , an d  cif(T are , 
respectively , th e  c rea tio n  an d  an n ih ila tio n  o p e ra to rs  fo r  a

sp in -a  e lec tron , n ix ( h /4) is th e  o ccu p a tio n -n u m b er o p e ra ­
to r  fo r  an  e lec tron  o f  sp in  up  (dow n), an d  n i = n i] +  n ii is 
th e  to ta l n u m b e r o f  e lec trons a t site  i.

W hen  t = 0, th e  p rob lem  is th e  d is tr ib u tio n  o f  N / 2  elec­
tro n s  over 2 N  possib le  o rb ita ls . T h is  p rob lem  w as solved 
by H u b b a rd 1 8  w ho  fo u n d  th a t  th e  elec trons a rran g e  th e m ­
selves in  a genera lized  W igner la ttice . T h e  elec trons are  
h ig h ly  co rre la ted , an d  th is  co rre la tio n  crea tes a  period ic  
v a ria tio n  in  ch a rg e  density  a long  th e  chain .

T w o co n fig u ra tio n s  o ccu r fo r  th e  q u a rte r-f illed -b an d  
case w hen  U  is th e  d o m in a n t energy  (as is expected  to  be 
th e  case). O ne is a  “4 k F” s tru c tu re , 2 2  w h ich  occu rs  w hen  
V\ > 2 V 2, w hereas th e  o th e r is a  “2 k F” s tru c tu re , 2 2  w h ich  
occu rs  in  th e  opposite  case. T h ese  co n fig u ra tio n s  a re  il­
lu s tra te d  in  F ig . 6 , w here  we have sk e tch ed  th e  g ro u n d  
s ta te  an d  tw o  excited  s ta tes  fo r  a  12-site cha in . W e show  
a sp in  sing le t o r  a n tife rro m ag n e tic  c o n fig u ra tio n , a l­
th o u g h  E q . (1) w ith  t = 0 says n o th in g  ab o u t th e  sp in  o f  
s ing ly -occup ied  sites. T h e  fig u re  gives th e  to ta l energy  o f  
th e  e igh t c en tra l sites (“ o c te t” ) on  th e  1 2 -s ite  ch a in , E ^ ,  
a n d  th e  a d d itio n a l energy  o f  ex c ited -s ta te  co n fig u ra tio n s .

O p tica l ab so rp tio n  in  th is  m odel o ccu rs  w hen  an  elec­
tro n  abso rbs a p h o to n  an d  hops to  a n e ig h b o rin g  site. 
E ach  co n fig u ra tio n  sho u ld  have  tw o  o f  th ese  charge- 
tra n s fe r  bands. T h e  “4 k F” co n fig u ra tio n  sh o u ld  have  a  
b an d  (CT1) a t fuD\ =  V x— 2 V 2, a ris in g  fro m  a  h o p  w h ich  
p u ts  an  e lec tron  on  a  site  ad jacen t to  an  occup ied  site , an d  
a h igher-energy  b an d  (CT2) a t fka2=  U  — V 2. A s in d ic a t­
ed in  F ig . 6 , th is  tra n s itio n  to  a  doub le-occup ied  site  re ­
qu ires a  ho p  to  a  second -nearest ne ighbor; th u s  w e expect 
it to  have  su b s tan tia lly  low er o sc illa to r s tre n g th  th a n  C T 1 . 
T h e  “ 2A:/r” co n fig u ra tio n  h as a  b an d  (CT1) a t 
fico\ =  2 V 2 — V \ an d  a  second  (C T 2 ) a t  fuo2= U  — V \.  B e­
cause  b o th  hops a re  to  n eares t ne ighbo rs, these  b an d s  
sho u ld  have  ap p ro x im a te ly  equal o sc illa to r s tren g th .

T h e  overlap  o r tra n s fe r  in teg ra l, t , h as  been tak en  as 
zero  in  th e  p reced ing  d iscussion , because  on ly  w hen  
t « ( U ,  V l f V 2) h as  th e  ex tended  H u b b a rd  m odel been 
solved ana ly tica lly . A s t becom es fin ite , it  is expected

1 8 ÔCT t̂ CUcT
“4kF" ♦ * i '■ i • $«■ J • j • 4V2

CT, ♦ • t •■ • )  i •• 1  • t • V, + 2 V2 V| — 2V2

CTj ■ $ • f • U +3V2 c 1 N<

"2 kF" • M  *• • H  *' • I t * 2V,

CT, • H ' ■ 1  • i '• • H  • V + 2V2 S i <

CT, • M - • • r H • U + V, c i <

F IG . 6 . G round state and charge-transfer excitations for the 
quarter-filled band in “4 k F” and “2 k F” configurations. O ccu­
pied sites are shown as arrows, empty ones as dots. The total 
energy of the central 8  sites and the difference in energy between 
the charge transfer (CT) and ground configurations is given on 
the right-hand side.
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th a t  th e  energies o f  th e  various co n fig u ra tio n s  w ill 
b ro ad en  in to  bands b u t th a t  th e  p ic tu re  p resen ted  above 
sh o u ld  be generally  unchanged . N o te  th a t  th e  b an d  
fo rm ed  fro m  th e  g ro u n d  s ta te  is com plete ly  filled  in  th e  
ex tended  H u b b a rd  m odel on  acco u n t o f  th e  o ff-s ite  
C o u lo m b  term s.

C. Short chain models

T h e  H u b b a rd  m odel in c lu d in g  th e  tra n s fe r  in teg ra l can  
be solved fo r  th e  case o f  ch a in  frag m en ts: d im ers , t r i ­
m ers, te tram ers , etc.; these  so lu tions give in d ica tio n s  o f  
th e  p ro p ertie s  o f  th e  in f in ite -len g th  cha in . T h e  case o f  an  
iso la ted  d im er w ith  one e lec tron , w h ich  h as been w orked  
o u t by  R ice, Y artsev , an d  Jaco b sen 1 3  an d  by Y artsev  an d  
Jaco b sen , 1 6  cou ld  rep resen t any  tw o  sites fro m  th e  “ 4 k F” 
s tru c tu re  o f  F ig . 6 . T h e  tra n s fe r  in teg ra l te rm  low ers th e  
g ro u n d -s ta te  energy o f  th e  d im er by  E d{ =  — t (som ew hat 
m o re  i f  site-energy  va ria tio n s are  included) an d  leads to  
equal p ro b ab ility  o f  th e  e lec tron  on  e ith e r site:

nii>i =  \rp i • (3)

W hen  a ch a in  o f  average occupancy  y  is considered , 
th e  deloca lized  s ta te  a lso  has a  co rre la tio n  energy. U sing  
th e  H a m ilto n ia n  o f  E q . (2) to  ca lcu la te  th e  co rre la tio n  en ­
ergy fo r  th e  cen tra l 8  sites o f  a 1 2 -site  ch a in  in  th e  case 
w here  ( n t ) =  y , w e o b ta in  fo r  th e  to ta l energy

- 4 t + 2 V 1+ 2 V 2 , (4)

w here  th e  fa c to r  4 in  th e  f irs t te rm  com es because th e  en ­
ergy gain  is — t p e r e lec tron . W e see by co m p ariso n  to  th e  
4 V 2 energy  o f  th e  “4 k F” loca lized  s tru c tu re , th e  de loca l­
ized  co n fig u ra tio n  w ou ld  be favo red  if  t > ( V 1 — V 2 ) /  2 . 
N o te  th a t  i f  th e  e lec trons a re  com p lete ly  deloca lized , th ere  
is no  charg e-d en sity  v a ria tio n  along  th e  cha in .

T h e  d im er occup ied  by tw o  e lec trons, w h ich  has been 
d iscussed  by R ice 2 3  an d  by T a n n e r et a l . , 12 sh o u ld  be a 
good  m odel fo r th e  h igh -energy  levels o f  th e  “ 2 k F” s tru c ­
tu re  o f  F ig . 6 . T h is  H u b b a rd  d im er m odel has a g round - 
s ta te  energy o f

(5)

I f  U » 4 t ,  E d2=  V \ — 4 t 2/ ( U  — V x). T h e  energy o f  th e  
e ig h t-a to m  segm ent (w hich co n ta in s  tw o  d im ers) is

£ o c t  =  u +  V x -  [ ( U  -  V ,  )2 + ( 4 t ) 2 ] l / 2  

~2Vx-%t2/(U  - V x) . (6)

T h e  energy  gain  due  to  th e  bo n d in g  in te rac tio n  has th e  e f­
fec t o f  reduc ing  th e  n eares t-n e ig h b o r rep u lsio n  energy

. V , - 4 t 2/ ( U - V , )  ■ (7)

T h is  H u b b a rd  d im er w ith  tw o elec trons h as a  single 
c h a rg e - tran s fe r ex c ita tio n  po la rized  a long  th e  d im er axis 
a t

fia>ct = \ { U  — V \+ [ ( U  — V\ ) 2  +  (4 f)2] 1/2j

~ U - V x+4t2/ (U - V x) . (8)

This is the transition shown in the bottom row of Fig. 6.

R ecen tly  Y artsev 2 4  h as  w orked  o u t th e  ch a rg e -tran s fe r 
exc ita tions (as w ell as th e  e lec tron -m o lecu la r v ib ra tio n  
coupling) fo r  th e  case o f  iso la ted  te tram ers. H e includes 
in  h is H a m ilto n ia n  tw o  tra n s fe r  in teg ra ls, t an d  t ',  on -site  
an d  n ea res t-ne ighbo r C ou lom b  te rm s, U  an d  V \,  an d  a 
site-energy  d ifference , 2A, betw een in te rio r an d  ex te rio r 
m em bers o f  th e  te tram er. T h u s, h is m odel describes h ig h ­
ly d is to rted  te tra m e rs , 1 0 , 1 3  such  as o ccu r in  M E M - 
(T C N Q ) 2  o r  T E A -(T C N Q )2. H e fin d s th a t  th e re  a re  fo u r  
op tica lly  allow ed  tran s itio n s . W hen  U / 4 r » l  th e re  are  
tw o  tran s itio n s  a t f k o ~  U, a  th ird  a t f u a ~ V x, an d  a  fo u r th  
a t low er energy  w h ich  appears  to  be re la ted  to  th e  site- 
energy d iffe rence  A.

D. Peierls p icture

T h e  reg u la r ch a in  s tru c tu re  o f  a  one-d im ensional m eta l 
w ith  f in ite  e lec tro n -la ttice  co up ling  is u nstab le  ag a in s t a 
s ta tic  la ttic e  d is to rtio n . T h is  d is to rtio n , w ith  w ave vecto r 
tw ice th e  F e rm i w ave vecto r, has th e  effect o f  opening  a 
gap  a t th e  F e rm i su rface  an d  ren d erin g  th e  one­
d im ensional ch a in  in su la ting . T h e  energy gap, E g , is 
d e te rm ined  by th e  b an d w id th  4 1 an d  th e  s tren g th  o f  th e  
e lec tro n -p h o n o n  coup ling , k ,

E g =  2 t e ~ u k (9)

T h is  coup ling  is to  th e  la ttice  an d  m o lecu la r degrees o f  
freedom  (i.e., b o th  to  acoustic  phonons an d  in tram o lecu la r 
v ib ra tions o r o p tica l phonons). T h e  op tica l sp ec tru m  o f 
th e  P eierls d is to rted  m eta l w ou ld  be th a t  o f  a sem ico n d u c­
to r, w ith  a  tra n s itio n  a t fu o = E z . I f  zone  fo ld ing  is im p o r­
ta n t (i.e., i f  th e re  is ab so rp tio n  invo lv ing  B ragg  sca tte rin g  
fro m  th e  new , sm alle r B rillou in  zone) th e re  cou ld  be, fo r 
th e  q u a rte r-f illed  case, tw o  h igher-energy  tran s itio n s , w ith  
energies o f  o rd e r 3 1 an d  4 1. T hese shou ld , how ever, be 
w eak  on  acco u n t o f  th e  re latively  sm all am p litu d e  fo r 
sca tte rin g  fro m  th e  2  k F d is to rtio n .

4t

ul

2kF

FIG . 7. Evolution of a one-dimensional metal as the 
electron-phonon (k ) and electron-electron ( U) interactions are 
turned on. Wide portions of the curves show filled states.
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T h e  P eierls d is to rtio n  shou ld  o ccu r even w hen  C ou lom b  
in te rac tio n s  a re  im p o rta n t because an  energy gain  can  still 
be rea lized  by open ing  a F e rm i-su rface  energy gap. I f  U  
is th e  d o m in a n t energy, th en  only  single o ccu p a tio n  o f  
sites is a llow ed an d  th e  F e rm i w ave v ec to r (and hence  th e  
w ave v ec to r o f  th e  la ttic e  d is to rtio n ) is tw ice as la rg e  as in  
th e  n o n in te rac tin g  case. F ig u re  7 show s schem atica lly  
w h a t m ig h t occur. A s e lec tro n -p h o n o n  coup ling  (^ )  is 
tu rn e d  on, a  gap  opens a t th e  F e rm i su rface . A s th e  o n ­
site  C o u lo m b  in te rac tio n  becom es im p o rta n t, h a lf  th e  
s ta tes  a re  ra ised  in  energy  by an  average am o u n t U; th e  
F e rm i w ave v ec to r is tw ice as la rge  as before. T o g e th e r 
th e  tw o  effec ts  p ro d u ce  a  P eierls  gap  a t th e  F e rm i su rface  
(a “ 4 /cF” d is to rtion ) an d  a h igh -ly ing  set o f  s ta tes a t ener­
gy U -4 t above th e  F e rm i energy.

T h e  o p tica l sp ec tru m  o f  th is  large- U  “ 4 k F” P eierls d is ­
to r tio n  sh ou ld  have  a  tra n s itio n  across th e  Peierls gap  a t 
fk o = E g an d  a n o th e r tra n s itio n  (perhaps tw o) a t 
fuo-U-At.

E. Localized excitons

T h e  e lec tron ic  s tru c tu re  o f  T C N Q  h as been s tud ied  by 
several inves tiga to rs . N e u tra l T C N Q  is rep o rted 7 , 2 5  to  
have  its  low est-ly ing  e lec tron ic  exc ita tio n  (denoted  L E °) a t
2.8 to  3.1 eV. F o r  T C N Q -  th e  ex tra  e lec tron  occupies th e  
low est-ly ing  p rev iously  em p ty  7r m o lecu la r o rb ita l. A b ­
so rp tio n  sp ec tra  o f  so lu tions o f  T C N Q  an ions f in d 5 , 7  a 
low -energy  ex c ita tio n  ( L E I - ) a t 1.47 eV an d  a  second 
ban d  (L E 2 - ) a t 2.95 eV. L o w itz 6  h as  in ves tiga ted  th e  n a ­
tu re  o f  these  ab so rp tio n  bands th ro u g h  a m o lecu la r-o rb ita l 
c a lc u la tio n  o f  th e  ^ -e lec tro n ic  s tru c tu re  o f  T C N Q 0  an d  
T C N Q - .

F o r  th e  case o f  a d im er com posed  o f  tw o  T C N Q  
an ions, i.e., a  ( —, — ) co n fig u ra tio n , th e  in te rac tio n s  be­
tw een  th e  ions a re  observed . 5 , 7 , 1 2  T h e  localized  exc ita tions 
L E I  an d  L E 2  are  sh ifted  u p w ard  in  energy  to  1.9 an d  3.3 
eV, respective ly , w h ile  a  low er b an d  a t 1—1.4 eV is a t t r i ­
bu ted  to  th e  tra n s fe r  o f  ch a rg e  betw een m olecu les (CT1). 
O p tic a l s tud ies  o f  T C N Q  salts  in d ica te  th a t  these  charge- 
tra n s fe r  ex c ita tio n s a re  po la rized  a long  th e  s tack ing  axis 
w hereas th e  localized  excitons are  largely  p o la rized  in  th e  
tran sv e rse  d ire c tio n . 8 , 1 1 , 1 4

F. E lectronic transitions in (Me2 Fc)(T C N Q ) 2

F o r  th e  e lec tric  fie ld  po la rized  p e rp en d icu la r to  th e  
s tack in g  axis, th e  increasing  a x{co) a ro u n d  2 8 0 0 0  c m - 1  

(3.5 eV) is th o u g h t to  be a  localized  exciton  L E 2 . A  m a x ­
im u m  is a lso  seen a t th is  frequency  in  th e  p ara lle l p o la r i­
za tion . A n  in flec tio n  o f  th e  E L cu rve  occurs a t ab o u t
18 000 c m - 1  (2.2 eV) w h ich  is th o u g h t to  be th e  localized  
exciton  L E I - . N o te  th a t th is  energy is close to  th e  energy 
fo r  L E I -  in  an io n  d im ers  an d  m u ch  la rg e r th a n  th e  1.5- 
eV energy  o f  L E I -  in  an io n  m onom ers. F o r  th e  
cu rve , tw o  b ro ad  m ax im a  a re  cen te red  a t 10 800 c m - 1  (1.3 
eV) an d  2700 c m - 1  (0.33 eV). T h e  h ig h e r one is th o u g h t 
to  be ch a rg e  tra n s fe r  betw een  an ions (CT2) an d  th e  low er 
one is ch a rg e  tra n s fe r  fro m  an  an io n  to  a  n eu tra l m olecu le  
(CT1).

A n  e s tim a te  o f  th e  e lec tron-energy  gap  is o b ta ined  fro m  
th e  n eu tra l c h a rg e - tran s fe r b an d  cen te red  a t 2700 c m - 1 .

By ex trap o la tin g  th e  lead ing  edge o f  th e  b an d  to  zero  co n ­
d u c tiv ity , a va lue o f  1200—1600 c m - 1  is fo u n d  fo r  th e  
gap . T h is  is co n sis ten t w ith  tra n sp o r t m easu rem en ts  d is ­
cussed  above w h ich  give 1600 c m - 1  (0.2 eV) fo r th e  gap .

G. 2 k F ov 4 k Fl

T w o  W ig n er-la ttice  co n fig u ra tio n s  o c c u r 1 8  in  th e  
q u a rte r-f illed -b an d  case: “ 2 k F \  w hen  V { < 2 V 2, an d  
“ 4  k p \  w hen  V X> 1 V 2. T h e  o p tica l sp ec tra  o f  
(M e 2 F c )(T C N Q ) 2  ten d  to  su p p o rt th e  fo rm er. T h e  p re s­
ence o f  a  s tro n g  ch a in -ax is  b an d  a t 1.3 eV, w h ich  w ou ld  
be in te rp re ted  as C T 2 , in  con ju n c tio n  w ith  a 
p e rp en d icu la r-p o la rized  b an d  a t 2.2 eV , w h ich  w ould  be 
L E I  o f  th e  ( —, — ) d im er, a re  co n sis ten t w ith  th e  lo ca tio n  
o f e lec trons on  ad jacen t m olecules. N o te  th a t  th e  2 k F 
s tru c tu re  is a  com p lica ted  one consisting  o f  te tram ers  
w ith  (0 , —, —,0) ch arg e  d is trib u tio n s . T h is  a rran g em en t 
w ou ld  have  a  re la tively  s tro n g  second  h a rm o n ic  4 k F co m ­
p o n en t as w ell as th e  fu n d am en ta l 2  k F one, so it is n o t in ­
co m p atib le  w ith  an  observa tion  o f  a 4 k F m o d u la tio n  o f  
th e  T C N Q  m olecules.

I t  is a lso  possib le to  in te rp re t th e  d a ta  w ith in  a  4 k F 
view , in  w h ich  th e  1.3 eV b an d  is assigned  to  L E I  -  o f  iso ­
la ted  ions. T o  exp la in  th e  m ostly  ch a in -ax is  p o la r iza tio n , 
one m u s t assum e ( 1 ) th a t  th e  t i l t  o f  th e  m olecu le  re la tive  
to  th e  ch a in  axis enables th e  tra n s itio n  to  o ccu r an d  (2 ) 
th a t  th e  E L d irec tio n  w as nearly  p e rp en d icu la r to  th e  m o l­
ecule long  axis. T h e  f irs t a ssu m p tio n  is co n sis ten t w ith  
th e  observa tion  o f  in -p lane  m odes in  th e  cha in -ax is  v ib ra ­
tio n a l sp ec tru m  (see F ig . 4 an d  Sec. I I IH )  w hile  th e  
second  is su p p o rted  by th e  re la tive ly  w eak  v ib ra tio n a l 
fea tu res  in  th e  E± sp ec tru m  (Fig. 4). H ow ever, i t  is d if f i­
cu lt to  in te rp re t th e  w eak b an d  a t 2.2 eV in  th e  E± spec­
tru m  unless it is a ttr ib u te d  to  a  f in ite  co n cen tra tio n  o f  
e lec trons on  ad jacen t sites. (See Sec. I l l  J, below .)

A  m o re  com ple te  m easu rem en t o f  th e  p o la r iz a tio n  
dependence  o f  th e  e lec tron ic  ban d s as w ell as a  ca lcu la tio n  
w h ich  inc ludes no t only  th e  u n p a ired  e lec trons o f  th e  ions 
b u t also  th e  e lec trons w h ich  give rise to  L E I  is necessary  
befo re  an  un am b ig u o u s in te rp re ta tio n  o f  th e  e lec tron ic  
sp ec tra  can  be m ade.

H. V ibrational modes

T h e  fa r  to  m id -in fra red  sp ec tru m  o f  (M e 2 F c )(T C N Q ) 2  

show s a  series o f  sh a rp  ab so rp tio n  bands (Fig. 4). Several 
o f  these  ban d s are  a ttr ib u te d  to  th e  R ice  effect: th e  to ta lly  
sy m m etric  ( ag ) v ib ra tio n  m odes becom e in fra re d  ac tive  
th ro u g h  coup ling  to  th e  co n d u c tio n  elec trons. N o te  th a t  
th e  s tren g th  o f  these  m odes is w eaker th a n  in  o th e r 
q u a rte r-f illed -b an d  T C N Q  com p o u n d s , such  a s 1 0  

T E A (T C N Q )2. T ab le  I lists th e  ass ignm en ts  o f  th e  ob­
served v ib ra tio n a l m odes. T h e  f irs t co lum n  gives th e  
sy m m etry  species, th e  second  gives th e  v ib ra tio n a l m ode, 
th e  th ird  observed  frequency , an d  th e  fo u r th  th e  s tren g th . 
T h e  fo llow ing  co lu m n  gives th e  frequencies as ca lcu la ted  
o r observed by B ozio  e t a l .26 fo r  T C N Q 0  an d  T C N Q -  
w here  th e  n o ta tio n  0  o r ( — ) is used  to  label th e  v ib ra tio n ­
al m ode. T h e  fin a l co lu m n  lists  w h e th e r th e  m ode  w as 
observed in  th e  p ara lle l o r p e rp en d icu a r p o la r iza tio n  o f  
th e  e lec tric  field . T h e  ag frequencies fo r  v x an d  v 2  w ere
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TABLE I. Normal modes of (Me2 Fc)(TCNQ)2.

Symmetry
species

Vibrational
mode

Experimental
(c m -1) Strengtha

Theory
(cm-1 ) Polarization

“g v f
v2~

V 3“

V 4“

V fT

ve
v7-

3002
2287
2 2 0 0

1662
1435
1243
940
670

w
w

w
m
m
w
w

3052
2186

1589
1403
1206
954
742

parallel
parallel
perpendicular
parallel
parallel
parallel
parallel
parallel

b \u V 2"o 1512 vw 1504 perpendicular

b iu v 50

V50
850 w 859

836 parallel, perpendicular

V 5“l

V 51
0

V 52 
V 51  

y°s 3 
V54

574

480

2 2 2

106

w

m

m

s

585
485
475
225
2 2 0

103

parallel

parallel

parallel

parallel, perpendicular

aHere s stands for strong, m  for medium, w for weak, and vw for very weak.

tak en  as m in im a  because th e  ag , m odes above th e  gap , 
w h ich  is estim a ted  to  be 1600 c m - 1 , are  expected  to  be 
seen as an tiresonances o r d ips in  th e  sp e c tru m . 2 7 , 2 8  O b ser­
va tion  o f  m ode v 6  is d oub tfu l; a lth o u g h  th e re  is a peak  a t 
th e  co rrec t frequency , it m ay  be due to  noise. T he  m odes 
v 8, v9, and  v 1 0  a re  no t observed here.

T h e  b 3u m odes are  ou t-o f-p lan e  v ib ra tio n s an d  a re  ex­
pected  to  be observed on ly  fo r th e  E |( sp ec tru m , a lth o u g h  
som e o f  these  m odes are  also  observed fo r  th e  E L spec­
tru m . S im ila r observations a re  m ad e  on  th e  ag m ode  v 2 
w hich  appears  in  b o th  p o la riza tio n s. T h e  b \ u m ode being 
an  in -p lane  v ib ra tio n  is co rrec tly  observed on ly  fo r th e  E L 
sp ec tru m . T h e  m ix ing  o f  p e rp en d icu la r an d  p ara lle l v i­
b ra tio n s  m ig h t be exp la ined  by th e  fa c t th a t  th e  ang le  be­
tw een th e  n o rm al to  th e  p lane  o f  th e  T C N Q  m olecu le  an d  
th e  s tack in g  a x is 1 is 14.2° so th a t  th e re  are  co m p o n en ts  o f  
th e  e lec tric  fie ld  v ec to r b o th  in  th e  m o lecu la r p lane  and  
n o rm a l to  it.

A d d itio n a lly , in  th e  reg ion  1880—4000 c m - 1 , we fin d  a 
series o f  peaks o r w eak in flec tions spaced  app ro x im ate ly  
200 c m - 1  ap a rt. T h is  period ic  s tru c tu re , w h ich  is n o t due 
to  in te rfe rence  fringes fro m  m u ltip le  re flec tions betw een 
th e  f ro n t an d  back  su rfaces o f  th e  c ry s ta l sa lt (because th e  
th ickness  o f  th e  sam p le  w as ab o u t 0 . 0 1  cm , w hereas th e  
a b so rp tio n  coeffic ien t w as ab o u t 4 X 1 0 4  c m - 1 ), m ay  be 
v ib ron ic  in  orig in .

I. E lectron-m olecular vibration coupling

T h e  ag m odes are  p resen t in  th e  in fra red  sp ec tru m  on 
acco u n t o f  th e  s tro n g  co up ling  o f  these  v ib ra tio n s to  th e  
e lec tron  density . In  co m p ariso n  to  o th e r q u a rte r-filled - 
b an d  T C N Q  salts , fo r  exam ple, T E A (T C N Q ) 2  (Refs. 10 
an d  29), ( A f-m ethyl- A ^-ethy l)m orpholin ium -(T C N Q  ) 2  

[M E M (T C N Q )2] (R efs. 13 an d  16) an d  M N E B (T C N Q ) 2  

(R ef. 29), these  m odes are  m u ch  less p ro m in en t in  
M e 2 F c (T C N Q )2. T h is  d iffe ren ce  occu rs  even th o u g h  th e

elec tron ic  sp ec tra  o f  th e  fo u r  com p o u n d s are  ra th e r  s im i­
lar. In  th e  rem a in d e r o f  th is  sec tion  we co m p are  th e  d a ta  
to  m odels fo r th e  R ice  effec t w h ich  consider iso la ted  d i­
m ers: a 4 k F co n fig u ra tio n  w ith  one e lec tron  on tw o  sites, 
(0 , — ) o r ( — ,0 ), an d  a 2  k F one w ith  tw o  e lec trons on  ad ja ­
cen t sites, ( —, — ).

R ice  et a / . 1 3  have  developed an  expression  fo r  th e  
freq uency -dependen t co n d u c tiv ity  fo r n o n in te rac tin g  d i­
m ers w ith  one elec tron  p e r tw o  T C N Q  m olecules, i.e., 
p =  y .  T h e  th eo ry  uses th e  overlap  m a trix  e lem en t o r 
tra n s fe r  in teg ra l t  w h ich  rep resen ts th e  overlap  o f  elec­
tro n ic  w ave fu n c tio n s  w ith in  th e  d im er, th e  charge- 
tra n s fe r  exc ita tio n  coCT w hich  rep resen ts th e  energy re ­
q u ired  to  m ove th e  e lec tron  fro m  one m o n o m er to  th e  
o th e r w ith in  th e  d im er, an d  a fu n c tio n  D(co) w hich  de­
scribes th e  effects aris in g  fro m  th e  coup ling  o f  th e  u n ­
p a ired  e lec tron  to  th e  in te rn a l v ib ra tio n s o f  th e  T C N Q  
m olecules. T h e  frequency -dependen t co n d u c tiv ity  is

a (co )=  —
icoe 2 a 2N X(co)

411 l -D (c o )X (c o ) /X (0 )

w here  CL denotes th e  vo lum e o f  th e  system , 

S t2 / CQqt
X(co) = 2 2 * coCj  — c o — icoye

is th e  reduced  e lec tron ic  po la rizab ility  and
2

k n COn

co2 — co2 — icoyn

(10 )

( 1 1 )

(12 )

w here  con is th e  n th  p h o n o n  b an d  ( n = 1 , 2 ,  . . . , G)  fo r th e  
G  to ta lly  sy m m etric  v ib ra tio n a l m odes, y e an d  y n d eno te  
th e  n a tu ra l linew id th s o f  th e  o rig inally  un co u p led  charge- 
tra n sfe r  b an d  an d  th e  p h o n o n  b an d  n, and
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FIG . 8 . Theoretical frequency-dependent conductivity for 
(Me2 Fc)(TCN Q ) 2  due to electron-molecular vibration coupling 
(a): “4 k F” configuration; one electron on two sites, (b) “ 2 k F” 
configuration; two electrons on two sites.

k n = X ( 0 ) — =  § 3 8n , (13)
COn Wcx^n

w here  g n a re  th e  e lec tro n -p h o n o n  coup ling  co n stan ts . 
T h is  m odel has been used  to  describe ( AT-methyl-iV- 
e th y l)m o rp h o lin iu m -(T C N Q ) 2  [M E M (T C N Q )2] in  th e  
ran g e  20—335 K  in  w h ich  th e  T C N Q  cha in s a re  strong ly  
d im erized . 1 3

A  fit o f  th is  m odel to  th e  d a ta  is show n in  F ig . 8 (a). 
T h e  p h o n o n  frequencies an d  th e  e lec tron  p h o n o n  coup ling  
c o n stan ts  used  w ere th e  un iversa l ones o f  P ainelli et a l . 3 0  

T hese  q u an titie s  are  given in  th e  second  an d  th ird  co lum n  
o f  T ab le  II. T h e  values used  fo r  th e  o th e r  q u an titie s  are  
y n =  15 c m - 1 , &>c r  =  2750 c m - 1 , * = 1 6 0 0  c m - 1 , an d

y e = 2 8 8 0  c m - 1 . T h e  value fo r  coCT w as chosen  to  be th e  
cen te r o f  th e  low -energy  ch a rg e -tran s fe r band ; y e gave th e  
p ro p e r w id th ; an d  t w as chosen  to  g ive th e  ex p erim en ta l 
p eak  h e ig h t fo r  th e  band . T h e  d im ension less elec tron- 
p h o n o n  coup ling  co n stan ts  fo r  th is  4 k F s itu a tio n , c a lc u ­
la ted  fro m  E q . (13), a re  listed  in  th e  fo u r th  co lu m n  o f  
T ab le  II.

W hen  co m p ared  to  th e  cha in -ax is  freq u en cy -d ep en d en t 
co n d u c tiv ity  (Fig. 4), it is c lea r th a t  th e  th eo ry  vastly  
o verestim ates th e  m ag n itu d e  o f  th e  effec t in  th is  m a te ria l, 
desp ite  th e  good ag reem en t fo r  o th e r  q u a rte r-f illed -b an d  
T C N Q  sa lts . 1 3 , 2 9  T h e  reason  fo r  th e  fa ilu re  in  th is  case is 
ev iden tly  th a t  th e  im p lic it a ssu m p tio n  o f  a  stro n g  4 k F 
charge-density  w ave is inco rrec t. I f  th e  am p litu d e  o f  th e  
charg e-d en sity  w ave w ere m u ch  sm alle r— so th a t  nearly  
equal ch a rg e  resides on  every site— th en  th e  effec t shou ld  
in  tu rn  be reduced . T h is  red u c tio n  occu rs because th e  ag 
m odes ga in  th e ir  in fra re d  in ten sity  th ro u g h  m o d u la tio n  o f  
th e  ch a rg e  density  on  th e  m olecu les, e ith e r by  sh iftin g  th e  
charge-density -w ave  phase  o r by  p u m p in g  ch a rg e  b ack  
an d  fo r th  betw een ne ighbo ring  m olecu les. In  th e  u n ifo rm  
ch arg e-d en sity  case, n e ith e r fo rm  o f  m o d u la tio n  can  
occur.

T o  co nsider th e  2 k F case, w e assum e th a t th e  im p o rta n t 
sites are  th e  tw o  ad jacen t cha rg ed  m olecu les, ( —, — ) an d  
th a t  th e  ch a rac te ris tic  C T 2  energy  is given by E q . (8 ). W e 
fu r th e r  assum e th a t  th e  C T1 b an d  (a lthough  p resen t in  th e  
spectrum ) does n o t coup le  to  th e  m o lecu la r v ib ra tions. 
W ith  these  assu m p tio n s, th e  d im ension less elec tron- 
ph o n o n  co up ling  co n stan ts  a re  given by

X„ — ------------------------ ;---------------- r -  . (14)
G ) „ [ t / - F , + 4 f 2 / ( £ / - F 1)3]

T h e  co n d u c tiv ity , ca lcu la ted  fro m  E qs. (10)—(12) an d  (14), 
is show n in  F ig . 8 (b). W e used U  — V { =  10 500 c m - 1  (1.3 
eV); th e  o th e r p a ram e te rs  w ere th e  sam e as fo r  F ig . 8 (a). 
W e now  o b ta in  a ca lcu la ted  co n d u c tiv ity  reasonab ly  
resem bling  th e  experim en ta l one, F ig . 4. T h e  co up ling  
co n stan ts  ca lcu la ted  fro m  E q . (14) a re  g iven in  th e  r ig h t­
m ost co lu m n  o f  T ab le  II.

In  th is  second case, we have m ad e  th e  a ssu m p tio n  th a t  
th e  coup ling  co n stan ts  a re  governed  by th e  effec tive  o n ­
site C ou lom b  energy U  — V x an d  n o t th e  low -energy  C T1

TABLE II. ag mode coupling constants.

Mode con (cm l ) gn (cm 1) K  (“4 k F”) K  (“ 2 k F”)

1 3070 40 0.0004
2 2 1 1 0 380 0.062 0.000 89
3 1603 480 0.130 0 . 0 0 1  8 8

4 1423 450 0.129 0 . 0 0 1  8 6

5 1 2 0 0 290 0.063 0.00091
6 960 125 0.015 0 . 0 0 0 2 1

7 715 2 0 0 0.051 0.00073
8 602 1 2 0 0 . 0 2 2 0 . 0 0 0  31
9 334 225 0.137 0.001 98

1 0 147 1 1 0 0.074 0.00107

Total 0.683 0.009 84
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exc ita tion . R ecen tly  Painelli an d  G ir la n d o 3 1  have  co n ­
sidered  th e  s itu a tio n  w here th e re  are  tw o C T  excita tions 
an d  have show n th a t th e  tw o coup ling  co n stan ts  su b trac t 
in  d e te rm in in g  th e  in fra red  in ten sity  o f  th e  ag m odes. 
T h u s, th e  effective d im ension less e lec tron -phonon  co u ­
p ling  co n stan t shou ld  be th e  d iffe rence  betw een th e  “4 /cF ” 
an d  th e  “ 2/cF ” te rm s in  T ab le  II. H ow ever, as th e  fo rm er 
a re  so m u ch  la rg e r th a n  th e  la t te r  th e  resu lt fo r th e  co n ­
d u c tiv ity  w ou ld  be ind istin g u ish ab le  fro m  F ig . 8 (a), and  
no t in  ag reem en t w ith  experim en t. T h u s  th e re  m u s t be an  
ac tu a l cance lla tion  (probably  on  acco u n t o f  th e  u n ifo rm  
m o lecu la r spacing , as recen tly  d iscussed  by P a ine lli and  
G ir la n d o 31) o f  th e  co n tr ib u tio n  o f  th e  low -energy  CT1 
tran s itio n .

J. Solitons

R ice  an d  M ele 3 2  have  p red ic ted  th a t la rge  U , q u a rte r-  
filled -band  system s (w ith  a “4 k F” co n figu ra tion ) can  su p ­
p o rt th e  fo rm a tio n  o f  so litons by th e rm a l p rocesses o r by 
chem ical dop ing . T h e  presence o f  such  s ta tes  w ou ld  lead  
to  in trag ap  ab so rp tio n  processes. A s show n in  F ig . 4, we 
do  observe an  ab so rp tio n  a t frequencies below  th e  gap  
(2 ig ~ 1 6 0 0  c m - 1 ). T h e  onset o f  ab so rp tio n  well below  
th e  gap  an d  th e  con tin u ed  increase  w ith  frequency  to  well 
p as t th e  b an d  edge a re  a lso  seen in T T F -T C N Q  an d  o th e r
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