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INFRARED PROPERTIES OF THE MAGNETIC SEMICONDUCTOR 
DBTTF-TCNQC12 

CLAUS S .  JACOBSEN 
Physics Lab. 111, Techn. Univ. Denmark, DK-2800 Lyngby,Denmark 

KLAUS BECHGAAFUI 
H.C. Brsted I n s t i t .  DK-2100 Copenhagen, Denmark. 

Abstract  Dibenzo-TTF-dichloro-TCNQ c o n s t i t u t e s  a p a r t i c u l a r l y  
c lean  example of a s t rong ly  Coulomb co r re l a t ed ,  incommensurate 
organic conductor. The bands a r e  narrow, and a r e  near qua r t e r -  
f i l l e d .  The in f r a red  cha in  a x i s  e x c i t a t i o n  spectrum i s  t h a t  of 
a semiconductor with a s i zeab le  energy gap of 1500-2000 cm-'. 
I n  add i t ion  the  spectrum has s t rong  absorption bands near 
molecular v ib ra t ion  frequencies.  The s t r eng th  of t hese  ind i -  
c a t e s  t h a t  they a r i s e  from the  electron-molecular v i b r a t i o n  
coupling. They are apparent ly  ac t iva t ed  by 4kF-charge dens i ty  
waves. The ove ra l l  behavior i s  c o n s i s t e n t  with a model, where 
s t rong  Coulomb c o r r e l a t i o n s  exclude double occupancy of sites. 

INTRODUCTION 

Many p o t e n t i a l  organic meta ls ,  i . e .  compounds with p a r t i a l l y  f i l l e d  
one-electron bands, no 2kF P e i e r l s  d i s t o r t i o n ,  and no s t rong  d i s -  
o rde r ,  a r e  known t o  be poor conductors. For some of them it has 
been suggested t h a t  t h e i r  t r anspor t  p rope r t i e s  a r e  those  of semi- 
conductors: The broad maximum i n  conduct iv i ty ,  U ( T ) ,  u sua l ly  ob- 
served, i s  a t t r i b u t e d  t o  t h e  combination of an ac t iva t ed  c a r r i e r  
dens i ty  and a s t rong ly  temperature dependent mobili ty ' .  However, 
t h e  t r u e  na ture  of t he  semiconductor gap is  unclear .  

t u r e  of organic  conductors is polar ized  in f r a red  and o p t i c a l  r e -  
f l ec t ance  spectroscopy, which through Kramers-Kronig a n a l y s i s  
y i e l d s  q u a n t i t a t i v e  e x c i t a t i o n  spec t r a  of f a i r  r e l i a b i l i t y .  I n  t h e  
i d e a l  metal ,  t he  frequency dependent conduct iv i ty ,  U(w) , simply 
f a l l s  from the  dc value i n  a Lorentzian manner (Drude behavior ) .  I n  
semiconductors, a(w) has an onse t  a t  photon energ ies  equal t o  t h e  
gap - 

We recen t ly  compared u(w) f o r  some p o t e n t i a l  o rganic  meta ls  
with uniformed stacks' ,  and found a c l e a r  c o r r e l a t i o n  between, on 
one hand, pos i t i on  and s i z e  of i n f r a red  o s c i l l a t o r  s t r eng th ,  and 
on the  o the r ,  t h e  me ta l l i c  q u a l i t y  charac te r ized  by t h e  temperature 
dependence of t h e  conduct iv i ty  and i t s  room temperature va lue .  The 
b e s t  metal has a near Drude-like U ( w ) ,  while i n  the  less good metal  

An informative method f o r  cha rac t e r i z ing  t h e  e l e c t r o n i c  s t r u c -  
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12 C. S. JACOBSEN AND K .  BECHGAARD 

o s c i l l a t o r  s t r eng th  is  s h i f t e d  t o  the  mid in f r a red .  I n  addi t ion ,  
s igns  of electron-molecular v ib ra t ion  (emv) coupling appear i n  the  
l a t t e r  systems. These e f f e c t s  may be understood' as a r i s i n g  from 
t h e  combined e f f e c t  of e lec t ron-e lec t ron  and electron-phonon i n t e r -  
ac t ion  i n  c rea t ing  4kF-charge dens i ty  waves (CDWs) ,  as a l s o  d i s -  
cussed below. Similar i deas  have been advanced a t  t h i s  conference 
i n  describing the  systems (NMP)x(Phen) - (TCNQ) and Qn(TCNQ) 2.  

The case  of dibenzo-lTF-dichloro-& (DBTI'F-TCNQClz) seems 
t o  cons t i t u t e  a very clear example of t hese  e f f e c t s .  We s h a l l  f i r s t  
review the  physical p rope r t i e s  i n  genera l ,  and next present  and 
analyse the  in f r a red  exc i t a t ion  spectrum. 

PHYSICAL PROPERTIES OF DBTTF-TCNQc12 

DBTTF-TCNQCl2 has5 U , , ( 3 0 0 K )  = 40 n-lcm-l, and i s  a near quar te r -  
f i l l e d  double-stack conductor with uniform chains (degree of charge 
t r a n s f e r ,  p=O. 56) 1 7 .  Fig. 1 shows schematically some phys ica l  
p rope r t i e s  of t h e  material ' ,  . 
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FIGURE 1 
(Ref, 5,7). 

Basic physical p rope r t i e s  of DBTTF-TCNQc12 

The dc conduct iv i ty ,  u,,, and t h e  thermoelec t r ic  power, S , , ,  a r e  both 
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INFRARED PROPERTIES OF THE MAGNETIC SEMICONDUCTOR DBTTF-TCNWIZ 73 

cons i s t en t  with t h e  ex is tence  of a one-electron gap of  order  200- 
250 meV (1500-2000 c m - l ) .  The ac t iva t ed  behavior i s  c l e a n e s t  below 
T c l  = 180K, where a s l i g h t  anomaly i s  found. The s p i n  s u s c e p t i b i l i t y ,  
xs, i s  high, about t h ree  t imes t h e  expected, non-enhanced Pau l i  
value (x ) a t  300K, and remains high t o  Tc2= 36K,below which tem- 
pe ra tu re  it vanishes r ap id ly .  N o t e  t h a t  xS (300K) is about 2/3 of  
t h e  Curie va lue  (xc) f o r  t h e  appropr ia te  carrier dens i ty .  F i n a l l y ,  
d i f f u s e  X-ray sca t te r ing’  have shown the exis tence  of  r a t h e r  l a r g e  
amplitude 4kF-CDWs. Down to  Tcl t h e r e  are only  weak in t e rcha in  cor- 
r e l a t i o n s .  Tcl i s  found t o  be a three-dimensional (3D) order ing  
temperature, while Tc. involves  t h e  onse t  of 3D-2k~ s c a t t e r i n g .  

The impl ica t ions  of t hese  observa t ions  are obvious: Enhanced 
magnetic s u s c e p t i b i l i t y  and occurrence of 4kF-scattering may both 
be taken a s  evidence f o r  important e lec t ron-e lec t ron  cor re la t ions’ .  
The two t r a n s i t i o n  temperatures a l s o  i n d i c a t e  a s u b s t a n t i a l  de- 
coupling of t h e  sp in  and e l e c t r o n i c  degrees of freedom. The o v e r a l l  
behavior found here  i s  common t o  a l a r g e  group of l o w  conduct iv i ty  
ma te r i a l s  and the  phys ica l  p i c t u r e  is  t h e  following: The c a r r i e r s  
a r e  r a the r  l oca l i zed ,  even a t  high temperature, due t o  t h e  Coulomb 
repuls ion  between them. The 4kF-CDWs may most e a s i l y  be understood 
e i t h e r  a s  r e s u l t i n g  from Wigner l a t t i c e  formation’, o r  from t h e  
P e i e r l s  mechanism discussed  below. The sp ins  experience a r a t h e r  
weak antiferromagnetic exchange coupling and through i n t e r a c t i o n  
wi th  t h e  l a t t i c e  undergo a sp in-Peier l s  t r a n s i t i o n  a t  low tempe- 
r a t u r e ” .  

a s t rong ly  correlated,incommensurate organic  conductor. 

p .  

With t h i s  d i scuss ion  we  have e s t ab l i shed  t h a t  DBTTF-TCNQC12 i s  

INFRARED CONDUCTIVITY OF DBTTF-TCNQC12 

I n  Fig.  2 we show the  in f r a red  conduct iv i ty  of DBTTF-TCNQC12 a t  
T=300K and T=100K. Both spec t r a  show energy gaps of order  1500- 
2000 cm-1 ( cons i s t en t  with t r anspor t  p rope r t i e s )  , and resonant /an t i -  
resonant s t r u c t u r e  near t h e  molecular v i b r a t i o n  f requencies .  This  
s t r u c t u r e  sharpens on cooling and a few new l i n e s  appear.  The 
s t r eng th  of t h e  modes i n  t h e  1000-1300 cm-’ range and the  a n t i r e -  
sonant charac te r  of the  2200 cm-1 f e a t u r e  proves t h a t  t h e  bands 
a r i s e  from the  emv coupling” involving the  f u l l y  symmetric Ag- 
modes. 

f o r  example,TEA-TCNQ2, so success fu l ly  analysed by Rice and co- 
workers’ i n  terms of phase o s c i l l a t i o n s  of intrarnolecularly s t a -  
b i l i z e d  2kF-CDWs p l u s  s i n g l e  p a r t i c l e  e x c i t a t i o n s  ac ross  the  CDW- 
gap. This experimental analogy s t rong ly  suggests t h a t  t h e  p re sen t  
d a t a  must be analysed i n  a s imi l a r  way. However, t he  ~ ~ F - C D W S  ob- 
served would not  account f o r  a gap a t  t h e  Fermi l e v e l  i n  the  non- 
i n t e r a c t i n g  band model. Ins tead  we propose t h a t  it i s  appropr ia te  
t o  adopt the  p i c t u r e ,  where the  on - s i t e  Coulomb repu l s ion ,  U, i s  
h igh  enough t o  exclude double occupancy of sites (U-t..). I n  t h i s  
case  the  sp in  system i s  completely decoupled from t h e  e l e c t r o n i c  

The I R  spec t r a  of Fig.  2 have a s t r i k i n g  s i m i l a r i t y  t o  t h a t  of, 
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74 C. S. JACOBSEN AND K. BECHGAARD 

FIGURE 2 Frequency dependent c h a i n  a x i s  c o n d u c t i v i t y  
of DBTTF-TCNQC12 as obta ined  from Kramers-Kronig a n a l y s i s  
of r e f l e c t a n c e .  T=300K and 100K. 

degrees  of f reedom,,and a C u r i e - l i k e  s u s c e p t i b i l i t y  i s  expected.  
The d a t a  quoted above show t h a t  DBTTF-TCNQCIZ i s  r e l a t i v e l y  close 
to  t h a t  l i m i t .  T h e o r e t i c a l l y  t h e  case has been d i s c u s s e d  by 
Bernasconi e t  a l .  The e l e c t r o n s  behave l i k e  s p i n l e s s  Fermions, 
and it i s  found t h a t  t h e  u s u a l  FrBhl ich  Hamiltonian governs t h e  
electron-phonon system. The main d i f f e r e n c e  f r o m  t h e  U=o case is  
t h a t  t h e  d e n s i t y  of  s ta tes  i s  reduced by a f a c t o r  of  2 ,  t h u s  t h e  
band i s  f i l l e d  to 2kF i n s t e a d  of kF. Thus t h e  u s u a l  Peierls m e -  
chanism now works a t  q=4kF and accounts  f o r  the 4kF-CDWs. The 
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INFRARED PROPERTIES OF THE MAGNETIC SEMICONDUCTOR DBTTF-TCNQCI? 75 

crucial point is that the dimensionless electron-phonon coupling 
constants, entering the theory, are given by hi=N(o)gi2/fiwi , where 
gi is the bare coupling constant, wi the bare phonon frequency, 
and N(o) is the density of states at the Fermi level. For a formal- 
ly quarterfilled band N(o) is reduced by 2& going to U- I Thus 
the gi-values obtained by analysing the data provide an important 
test on the consistency of the present approach. 

only modification is the introduction of a modest electronic damp- 
ing rate, ye& . Also, since we are dealing with a double-stack sy- 
stem, we assume that the total ~ ( w )  is simply a sum of the indivi- 
dual stack conductivities. 

The donor stacks clearly dominate the spectrum. Bare Ag-mode 
frequencies for DBTTF were taken from studies on the single-stack 
compound DBTTF(BF4)0.42. The quality of the final fit for the l O O K  
data, as it presently stands, is shown in Fig. 3. The parameters 
are given in Table I. 

The mathematical details of the model are given by Rice' 4. The 

FREQUENCY 1 cm-l I FREQUENCY lcnill 

FIGURE 3 4kF-CDW model for U ( w ) .  (a) TCNQC12-contribution, 
(b) DBTTF-contribution, (c) Total U(w) in model, (d) experi- 
mental data. T=100K. 
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76 C.  S. JACOBSEN AND K .  BECHGAARD 

TABLE I 4kF-CDW parametersa for DBl'TF-XNQc12, T=100K. 

Wp(cm-l) 4500 3570 
4t(eV) 0.43 0.27 
2A(cm-l) 1700 1900 
Yet/'' 0.2 0.2 

k 1.0 1.0 

x 0.46 0.60 
b 0.08 0.08 

1430 .16 llOO(940) 2253 .04 550(350) 
1130 -017 320(170) 1573 .01 230(540) 
473 .ll 530(630) 1345 .01 210(500) 
(40 .17 190) 1200 .04 400(300) 

1020 .03 340 (85) 
870 .009 160 
820 .012 180 
(40 .45 250) 

a: symbols are defined in Ref. 14. 
b: values in parenthesis are estimates for 

TTF (Ref. 15) for corresponding modes. 
c: values in parenthesis are estimates for 

TCNQ (Ref. 16) for corresponding modes. 

A number of comments are in order: 
The overall quality of the fit is reasonable, especially with (1) 

respect to distribution of oscillator strength between the phase 
modes and the single particle contribution. We note that it is 
possible to introduce only a modest electronic damping in the model, 
hence the electronic peak in the fit is sharper than in the data. 
(2) 
Thus the use of the reduced density of states is justified, and the 
U- model appears credible. 
(3) As seen by comparing Fig. 3 (b) and (c) the spectrum is indeed 
dominated by the DBTTF-stacks. Among the three Ag-modes included 
for this stack, the 143Ocm-1 and 1130 cm-l modes display an in- 
teresting interference effect. The 1130 cm-' mode digs a hole in 
the strongly coupled 1430 cm-I mode. 
(4) Assuming mean field behavior, the observed gap position cor- 
responds to a scale temperature, Tw 
with the well-established gap and CDW-structure at 300K and below. 
(5) In the fitting procedure the estimated gap-values were used 
to derive the total electron-phonon coupling constant, h ,  for the 

The derived gi-values are consistent with previous knowledge. 

600K. This is consistent D
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INFRARED PROPERTIES OF THE MAGNETIC SEMICONDUCTOR DBTTF-TCNQC12 77 

two stacks by using the gap equationI7. Part of is assumed to be 
associated with low frequency (external) modes outside the experi- 
mental range (given in the last lines of Table I). However, it is 
striking that more than 60% of 1 for the DBTTF-stack is due to the 
internal modes. Thus the CDW is predominantly stabilized by the emv 
coupling". On the acceptor chain this is less pronounced. 

CONCLUSIONS 

The infrared spectrum of DBTTF-TCNQCIZ has been analysed in terms 
of the U" 4kF-CDW model. The reduced density of states, which 
enters the model, has been confirmed quantitatively. We believe 
that the picture is applicable to a wide class of intermediate con- 
ductivity organic crystals, and even qualitatively a plicable to 
highly conducting materials where 4kF-CDWs are found . 
Acknowledgement: C.S. Jacobsen is supported by the Royal Danish 
Academy of Sciences and Letters through a Niels Bohr Fellowship. 
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