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MOBILE BIPOLARON IN QUASI-1-D CONDUCTOR VANJIDIUM BRONZES 

H. NAGASAWA, T. ERATA, M. ONODA, H. SUZUKI, S. UJI, 
Inst. Phys. University of Tsukuba, Ibaraki 305, JAPAN 
Y. KANAI, and S. KAGOSHIMA, 
College Gen. Education, University of Tokyo, 153, JAPAN 

Abstract The existence of the characteristic bound state of 
BIPOLARON ( a dimerized electron pair of up and down spins on 
the near neighbour sites ) was established by NMR and X ray 
diffraction measurements in the quasi-1-d conductor MxV205(M= 
Na,Ag,Li,Cu, and Pb). On the basis of the results of EPR and 
NMR relaxation, the observed high electrical conductivity 
along the 1-d axis is interpreted as the COLLECTIVE MOTION of 
BIPOLARONS. These characteristic properties are discussed with 
the strong electron-phonon interaction of the rather well lo- 
calized small polarons in the 3d vanadium bronzes, which is 
different from the bd molybdenum bronzes. 

There are two groups of quasi-1-d conductors. One has a free elect- 
ron system occupying metallic conduction band and the other a loc- 
alized electron system having an ionic character. Phenomena of Pei- 
erls transition, dynamics of charge density wave, et al. have been 
investigated on the materials belong to the former group. The uni- 
que characteristics of the latter group is the strong electron-pho- 
non interaction. In ionic crystals, the number of optical phonons 
which clothe an electron are half of its polarizability and about 
more than one order of magnitude larger than that of usual super- 
conducting metals, so a polaron is expected. In this sense, present 
subject of vanadium bronze system has the uniqueness of the STRONG 
ELECTRON-PHONON INTERACTION and HIGH DENSITY of POLARONS. In Table 
1 we show the comparative features between 3dy4d,5d transition 
metal bronze systems. 

BIPOLIRON 
Recently as the results of strong electron-phonon interaction, the 
new characteristic bound states are proposed theoretically: . . 

2 (1) Electron pairing in real space by Anderson1, and Rice et al. 
for amorphous semiconductor and BaBi03 respectively, 
(2) A pair of up and down spin on near neighbour site (BIPOLAR0 ) 
by Chakraverty et a1s3 for NazV205(Na v.b. ) . By using resonance 
and X ray diffraction techniques, we have shown the microscopic 
evidences of the bipolaron in Na v.b. and the other v.b. system. 
The susceptibility maximum phenomenon, that is the manifestation of 
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122 H. NAGASAWA et al. 

the  spin-singlet ground s t a t e ,  i s  observed by the Knight s h i f t  of 
5 l V  NMR as shown i n  Fig.1. X ray d i f f r ac t ion  measurements revealed 
t h a t  the spin-singlet ground s t a t e  i s  accompanied with the small 
displacement of vanadium ions and the long range orderin of bi- 
polaron(Fig.2) occurs below 200 K as shown i n  Fig. 39-18 
The observed conductivity of Na v.b. along 1-d axis i s  105&-1cm-1 
a t  300 K and two order of magnitude l a rge r  than t h a t  of perpendicu- 
lar direction. Its temperature dependence is  semiconductor-like. 
The high and anisotropic conductivity of Na v.b. i s  considered t o  
be originated t o  the electron hopping motion i n  the  quasi-1-d zig- 
zag chains of vanadium ions.  The de ta i l ed  experimental 
r e s u l t s  of the anisotropic EPR l i n e  width as a function of temper- 
a ture  are  well  understood as  the  extreme narrowing l i m i t  of t he  hy- 
perfine interact ion between 5% nuclei  and t h e  dipole-dipole in t e r -  
action between electron spins.  It i s  found t h a t  t h  cha rac t e r i s t i c  
time of t he  electron hopping motion T, is  1 . 2  I( 10 - isec. .  -e 
Using the formula of  hopping conductivity given as 

(1). 
kB G 

We found t h a t  the observed high conductivity along 1-d axis can not 
be understood without usin 
111 = 3.61 A ,  TC = 1.2 X ~ O - ~ I  sec. .  
p lots  of the product of temperature and conductivity a re  shown. 
This r e s u l t  means t h a t  many bipolarons move a t  the same t i m e  coll-  
ectively and the domain s i z e  i s  about 200 A corresponding t o  the  
coherence length obtained by X ray d i f f r ac t ion .  Thus we may con- 
clude t h a t  the obtained act ivat ion energy& =0.049 eV i s  t h e  pinn- 
ing energy of domain wal l  motion i n  Na v.b.. 

Nil = 24 bipolarons and 611 =574 K,  s ince 
In Fig. 4 ,  t he  logarithmic 

ELECTRON-PHONON INTERACTION 

We found t h a t  the bipolaron moves one l a t t i c e  distance of 3 . 6  A 
along the i-d axis w i t h T c  of 1.2 x sec.. This indicates  t h a t  
the effect ive veloci ty  of bipolaron i s  3 %  103cm/sec. , about orders 
of 5 smaller than the usual Fermi veloci ty  of e lectron i n  metal. 
It may be said t h a t  t he  effect ive mass of bipolaron i s  orders of 5 
heavier than f r e e  electron mass. The e f f ec t ive  m a s s  i n  e lectron 
phonon coupled system w a a  obtaiQed by Lee-Rice-Anderson’’ as 

where q=1/2 be, W,=Y, x q(phonon energy), & ~ 3 0 0  Kfbinding energy) 
and M*/m&05 , w e  esf&ate the electron-phonon coupling const ntA=l. 
Knowingh and the experimentally obtained value of n(Ef)= &state  
lev,  we got the magnitude of electron-phonon coupling g = 1 e V  i n  
vanadium bronze system. Therefore,we can conclude t h a t  &e strong 
electron-phonon in t e rac t ion  i s  real ized i n  these systems as expect- 
ed previously. In  Table 2, several  cha rac t e r i s t i c  properties a re  
given i n  vanadium bronze systems. 
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Table 1 Comparison of c h a r a c t e r i s t i c s  between t r a n s i t i o n  metal  bronzes 

Bronzes E l e c t r o n i c  S t a t e s  S r r u c t u r a l  Condition Phys ica l  C E a r a c r e r i s t i c s  

Superconduct jvi ty  
W-Bronzes l a r g e  polaron j- dimensional  

ex. NeOe3WO3 ( d e l o c a l i z e d  5d e l e c t r o n )  metal 

I -.- Mo-Bronzes middle s i z e  polaron quasi-1-dimensiorial C. D. U.(M?tel) 
ex.  Kc.jMo03 ( bd e l e c t r o n  ) m e t a l l i c  

V-Bronzes small polaron quasi- l=dimensional  C. D. W .  (B ipo l s ron )  

Non-Linear-Transport 
Phenomena 

ex.  lie0.4V205 ( l o c a l i z e d  3d e l e c t r o n )  i o n i c  c h a r a c t e r  Strong Electron-Phonon 
I n z e r a c t i o n  

Table 2 Bipolaron in p-MxV2C5 systems 

#+ X TE (K) Binding Energy ( K )  
s a t e l l i z e  

??El+ 0.40 200 (0 .O. 5 .O) 170 

An" 0.38 210 (O.C.5.0) 200 

Lil+ 0.53 220 
190 
170 

(0,0.44- 0.47,O) 200 
(0,0.h3,0.125) 
(0,O . 5  ,O. 5) 

CU'+ 0.26~ x (0.62 205(x=O. 33) (0 ,O. 35 ,O) 300 
215(r0. LO) (0,O .33,0) 300 
21O(x=O. 48) (0 ,O ,O .15 ) 
170 (x-0. h8) (0 ,o. 26 ,o) 
250(~=0.54) (0 ,O ,0.15) 
28O(x=O .63) (0 ,O ,O .15 

Pb2+ 0.18<x<0.52 200 -500 
( x  dependent 1 
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I . * S A I  

TEMPERATURE (ill 
100 200 300 

Fig. 1 Temperature 
dependence of Knight 
shift. 

Fig. 2 Bipolaron order ing  

in *'0.40 '2'5 

fig. 3 Temperature dependence 
of satellite intensity 
in 4OV2O5 

T (K) 
300 150 100 75 

I I I I 

1 0 ~ 1 ~  ( ~ - 1 )  

Fig. 4 Logarithmic plot of the prod- 
ucts of temperature and the conductivity 
parallel and perpendicular to the b axis 
as a function of the inverse of temper- 
ature. Closed and open circles indicate 
the D.C. and the microwave conductivity 
results, respectively. Solid lines 
show the calculated results obtained by 
using the formula and parameters given 
in text. 
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