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LOW TEMPERATURE PHASE DIAGRAM OF (TMpTp),MP, 

R. LAVERSANNE, J. AMIELLandC. COWLON 
Centre  de Recherche Paul  Pascal, Domaine Univers i ta i re ,  
33405 TATXNCE cedex FRANCE 

ABSTRACP The l o w  temperature phase diagram of the 
( TWmF ) z( SbF, AsF, )x salts is deduced from magnetic 
s u s c e p t i b i l i t y  and ant i ferromagnet ic  resonance 
measurements. This phase diagram is discussed 
introducing a very simple model. 

I n  a d d i t i o n  t o  organic  superconduct ivi ty ,  other l o w  
temperature ground states of organic  m a t e r i a l s  have been 
r e c e n t l y  s t u d i e d .  For example an ant i ferromagnet ic  ground 
state has been observed i n  both the TUTSF and TMPPF 
series' ' . 

In  the case of centrosynanetrical  anions as UP, the 
anion order ing  found for example i n  (lWITF),C10,3 is not 
expected. Nevertheless s i g n i f i c a n t  d i f f e r e n c e s  have been 
found i n  the electrical behavior of the (Twrrp),MF, salts 
changing M from P t o  Sb. I n  p a r t i c u l a r  the temperature 
dependence of the electrical conduct iv i ty  shows an anomaly 
at 154K only i n  the case of the SbP, salt4. Moreover this 
latter compound is the only  one i n  the ("MTF)zWg series 
present ing  an ant i ferromagnet ic  ground state. On the other 
hand ( ~ ) p F 6  and PF', show Spin Peierls t r a n s i t i o n s  
leading to  non-magnetic ground states. 

The occurence of antiferromagnetism has been previously 
related w i t h  the high temperature conducting behavior i n  the 
case of (!MLTF),SCN. Thus it was i n t e r e s t i n g  t o  s tudy  such 
a r e l a t i o n s h i p  i n  the case of centrosynrmetrical anions.  The 
high temperature electrical behavior of the ( TMl?K'F)2HF'6 
salts where M = P, As, Sb and the alloys P/Sb and As/= has 
been previous ly  s tud ied4 .  It  has been assumed that the 
anion size ylmg one of the main parameters d r i v i n g  th i s  
behavior. 

I n  order t o  confirm this  assumption we have performed 
spectroscopic and magnetic measurements on several members 
of this series of salts. Prel iminary r e s u l t s  concerning 

169 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
15

 1
9 

Fe
br

ua
ry

 2
01

3 



170 R. LAVERSANNE. 1. AMlELL AND C. COULON 

mainly E.S.R. experiments have been presented a t  the Abano 
Tewe conference'. TO deepen th is  s tudy we have performed 
magnetic measurements and antiferromagnetic resonance ( APMR) 
experiments. We w i l l  present i n  this communication the 
synthesis of these results and w i l l  give a qualitative 
discussion on the mechanism of the competition between l o w  
temperature ground states. 

I. E l e c t r i c a l  Conduct iv iQ 

FIGURE 1 : Temperature dependence of the normaLtzed 
reststtvtty for the three prtsttne satts ( l " ) p F 6 .  
In tnsert ts gtven the Logartthmtc Uertvattve of the 
reststtvtty versus T. 

The temperature dependence of the normalized electrical  
res is t ivi ty  of the three salts (TMITp)zMF6 is shown 
figure 1. A slight minimum of the resist ivity,  more 
pronounced for the SbP, salt,is visible. A t  lower tempe- 
rature the electronic localization becomes dominant and the 
resis t ivi ty  increases rapidly particularly i n  the case of 
(!rMTI!F),SbF,. Moreover this  salt shows an anomaly clearly 
visible as a sharp maximum on the derivative curve given i n  
insert. From these results (!rMTI!F)zSbFs seems t o  be 
peculiar i n  the series. 
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LOW TEMPERATURE PHASE DIAGRAM OF (TMTTF),MF, 171 

For these three salts an exponential increase of the 
resis t ivi ty  is found below 1OOK. The deduced zero Kelvin 
extrapolation of the gap is the same i n  the three cases and 
is about 600K. Such a value clearly demonstrates that the 
electrons are localized even at  room temperature and the 
minimum of res is t ivi ty  should r e s u l t  from a competition 
between the number of charge carriers and their mobility. 
Since a similar value of the extrapolated gap is found for 
the three compounds, the p e c u l i a r  behavior of the SbF, salt 
is most likely due t o  a sudden decrease of the charge 
carriers mobility. 

structural results concerning the intermolecular distances. 
It has been found' that the shortest distance between sulfur 
and fluorine decreases from Fp t o  SbF, and becomes smaller 
than the sum of the Van der W d s  radii of the two atoms for 
the last anion. Consequently the in te rac t ion  between the 
organic molecule and anion is probably stronger when the 
anion size increases and may be at  the origin of the conduc- 
t iv i ty  anomaly of (TMTIT)zSbF,. One possible mechanism 
would be a trapping of the charge carriers induced by the 
freezing of the thermal motion of the anions. Within t h i s  
description the origin of the electrical  conductivity 
mechanism would be the same for the three salts although 
perturbations may be introduced by sufficiently big anions. 

The behavior of the SbP, salt has t o  be related to 

11. Law temperature qmund states 

Whatever is the origin of the electronic localization 
these salts become insulating at  l o w  temperature. Taking 
into account their peculiar structural arrangement (stacks 
of flat molecules w i t h  on: transferred electron for two 
organic molecules : (TMTTF)~X-) we expect a t  low tempe- 
rature a system of localized spins w i t h  pne spin per two 
TMTTF molecules, ie, one spin per s i t e  ( T~J?ITF)~. 

In such a system the spins are antiferromagneticallg 
coupled and we expect two d i f f e ren t  coupling constants : J,, 
for the coupling along the organic stacks and JI for the 
transverse one. The anisotropy of the intra  and in te rcha in  
interactions is reflected i n  the coupling constants. J,, is 
typically 100 times larger than JL and is about a few 
hundred K'. 

Antiferromagnetic coupling between spins does not 
always lead t o  a long range antiferromagnetic order. The 
very low values of the transverse coupling constant prevent 
the condensation of a three dimensional order at tempe- 
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172 R. LAVERSANNE, J .  AMIELL AND C. COULON 

ratures higher than a few K. Above this temperature the 
correlation length remains f in i te  and only one dimensional 
fluctuations are expected. 

I n  quasi one dimensional systems antiferromagnetic 
order is not the only possible ground s ta te .  I n  fact a one 
dimensional electronic chain is unstable against a struc- 
tural  Peierls distortion'. I n  the TMZTP ser i fs  t h i s  ins ta -  
b i l i ty  leads t o  a dimerization of the (THTPEP) dimers and 
introduces two different longitudinal coupfing constants 
between the spins. This dimerization produces vvsupersites" 
of four TMlTF molecules w i t h  two spins per supers i te .  

For the regular chains the energy of the magnetic 
orbitals is degenerate. The electrons remain unpaired and 
antiferromagnetically coupled. On the other hand i n  the 
dimerized system the overlap of magnetic orbitals preferen- 
t i a l l y  occurs a t  t h e  supersite. !Ibis dissymmetry sp l i t s  
the energy levels and removes the degeneracy. Consequently 
the electrons l i e  paired i n  the lowest orbital  and the 
ground state is diamagnetic. such a transition is of the 
same kind as t h e  P e i e r l s  one and i s  c a l l e d  a Spin  P e i e r l s  
( SP ) transition. 

Zhe two instabi l i t ies  described above were shown t o  
compete i n  the lU!lTF series". One of the parameters driving 
this competition is the rigidity of the lattice*. The 
s t r u c t u r a l  distortion of a r igid la t t ice  is energetically 
unfavorable  and t h e  an t i f e r romagne t i c  o rde r  w i l l  be a b l e  t o  
condense at low temperature. On the other hand for a soft  
lattice the s t r u c t u r a l  distortion is energetically favoured 
against the AF ordering and the Spin Peierls transition w i l l  
occur leading t o  a non-magnetic ground state. 

111. Rule riPental results 

E.S.R. experiments between room temperature and 5K on 
(TmTF)2SbFs and AsF, were  already published5. These 
re su l t s  suggest an AP ground s ta te  for the SbF, salt a 
sp transition for (TMTTF)rAsFe. To deepen these points we 
have studied the magnetic properties of the alloys 
(11wrpF)2(SbFB using both susceptibility wasu-  
rements and antiferromagnetic resonance. 

The temperature dependence of the normalized spin 
susceptibility is reported figure 2 for the pure Asp, salt 
and for a few alloys clo8e t o  Asp,. For JC greater than .9 
an abrupt decrease of the paramagnetic susceptibility is ob- 
served b e l o w  a characteristic temperature Tc. On the other 
hand for 3t less than .8 we do not observe any anomaly above 
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LOW TEMPERATURE PHASE DIAGRAM OF (TMTTF)*MF6 173 

the lowest available temperature. These experiments have 
been confirmed measuring the absolute magnetic susceptibi- 
lity using a SQUID magnetometer with an applied field of 
10 kG. Figure 3a gives the variation of the susceptibilty 
at low temperature for (- > p F ,  and 
(l" l2( SbF, lo, l(AsF, )o, 9. In these two cases x decreases 
quickly below Tc (taken as the inflexion point opthe curve) 
to become unobservable at very low temperature as expected 
for a diamagnetic ground state. 

Such a behavior is the signature o f  a Spin Peierls 
transition and the ground state of the alloys rich in AsF, 
is non-magnetic. The values of Tc are sunanarized table 1. 
Tc decreases rapidly when alloying to become unobservable 
for ;r less than .8. 

FIGURE 2 : Normattzed sptn s u s c e p t t b t L t t y  of severat 
attoys ctose t o  (TMTl"),AsF, 

On the other side (close to SbF,) the alloys remain 
magnetic at very low temperature as shown by the magnetic 
susceptibility measurements given figure 3b. For these 
salts x remains finite at any temperature and rises below a 
charactsrietic temperature TN, This behavior is reminiscent 
of an antiferromagnetic ground state above the spin flop 
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I74 R. LAVERSANNE, J .  AMIELL AND C. COULON 

fieldio. 
A more convincing experiment is the antiferromagnetic 

resonance (AFMR). This method is carried out w i t h  a clas- 
sical E.S.R. spectrometer and the resonance field is deter- 
mined as a function of the orientation of the crystal rela- 
tive t o  the static magnetic field. 

Figure 4 gives the rotation patterns obtained for 
several alloys. The origin of the rotation angle is 
arbitrary. A shift of 90° was applied for clarity i n  the 
case of s - 0 . 2 .  The similarity between these rotation 
patterns indicates that the orientation of the magnetic axes 
relative to the cristallographic ones does not change 
noticeably when alloying. The misorientation of the mag- 
netic axes is a consequence of the tr iclinic symmetry of the 
structure. 

FIGURE 3 : Paramagnettc s u s c e p t t b t L t t y  of  f o u r  members 
of the  sertes w t t h  : a)  x = 1 and x = 0.9 

b )  x = 0.1 and x = 0.2 

The fits of the obtained rotation patterns (figure 4 )  
following the NAGAMIYA '* theory were obtained taking the 
orientation determined for the S?Fs salt". They give the 
parameters of the antiferromagnetic ground state : 

-the N6el temperature TN 
-the spin-flop field ESP 

These parameters are summarized Table 1. Both the Nee1 
temperature and the Spin-Flop field decrease when alloying 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
15

 1
9 

Fe
br

ua
ry

 2
01

3 



LOW TEMPERATURE PHASE DIAGRAM OF (TMTTF),MF6 175 

and for z greater than .3 TN becomes less than our lowest 
available temperature. 

TABLE 1 .  Parameters of the t w o  posstbCe ground sta tes  
for t h e  (TMTTF)2( SbP,)l-x(AsP,), salts. 

m. IOw- rature Phase Diaaram 

The deduced low temperature phase diagram of the 
(nar )=( SbF, )l-x( ASP, )x alloys is given figure 5. The high 
temperature state is paramagnetic. A t  low temperature three 
cases are found depending on s. For low values of s ( i e  
close t o  SbFs) the ground s ta te  is antiferromagnetic and TN 
decreases slowly when alloying. On the other side (close t o  
AsF,) a Spin Peierls transition occurs leading t o  a non-mag- 
netic ground s ta te .  In  the middle range neither of the two 
ground states condense and the system remains paramagnetic 
down to the lowest available temperature. 

This experimental phase diagram has t o  be related to 
a theoretical model i n  which a competition between two order 
parameters of different synunetry is introduced. One 
possible topology of the corresponding phase diagram" is 
shown i n  insert  of figure 5. Two second order l ines join 
together at a b ic r i t i ca l  point and the two low temperature 
domains are separated by a first order l ine.  I n  our case P, 
the parameter driving the competition between the two i n s t a -  
bilities may be related t o  the elast ic i ty  of the lattice'. 
This theoretical phase diagram is reminiscent of our elgpri- 
mental one except i n  the middle range where we f a i l  to  
detect any three dimensional order. The origin of this 
difference may be the disorder induced by alloying and is 
illustrated using a simple schematization i n  the following. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
15

 1
9 

Fe
br

ua
ry

 2
01

3 



176 

0, 

R. LAVERSANNE, J .  AMIELL AND C. COULON 

I . . .  

(Oqgrm)  

FIGURE 4 : AFMR rotatton patterns about tho stacktng 
axts f o r  four aLtous w t t h  x < 0 . 2  

Let us  approximate the organic stack t o  a chain of 
sites coupled by springs. To account for the behavior of 
( T M L T F ) p F e ,  the e last ic  constant of these springs is chosen 
t o  favor a l o w  temperature structural distortion when the 
anions are weakly coupled w i t h  the organic molecules. I n  
the caee of (TMJTF)2SbFs we assumed that the anions strongly 
interact w i t h  the organic molecules. These interactions may 
enhance the elastic constant of the springs ( the lattice 
r igidi ty)  and consequently destabilize the structural dis- 
tortion t o  favor the AP ground s ta te .  

Within t h i s  schematization the introduction of a few 
SbFp ionrs! in (TMITLp),AsP, leads t o  the hardening of a few 
springs along the chain. Thus the growth of the correlation 
length of the s t ruc tu ra l  distortion is limited t o  the mean 
distance between locked sites. The expected consequence of 
th i s  process is a decrease of the transition temperature 
w i t h  alloying. 
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LOW TEMPERATURE PHASE DIAGRAM OF (TMTTF),MF6 
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FIGURE 5 : Low temperature phase dtagram of the saZts 

In tnsert ts gtven the theorettcaZ phase dtagram 
menttoned tn the text. 

( W F )  z( SF, ASP, )x 

On t h e  other hand, in t roducing  several UP, i o n s  among 
the SbP, should be less critical for the condensation of the 
M ground state which does not  involve a s t r u c t u r a l  distor- 
t i o n .  The main expected effect is a renormalisat ion of the 
elastic constant  of the chain leading t o  a smooth decrease 
of the Nee1 temperature when a l loy ing .  

I n  the middle range (3: =S 0 . 5 )  the simultaneous 
Occurence of these two effects may prevent  the condensation 
of both a Spin Peierls and an AP ground state above the 
lowest a v a i l a b l e  temperature.  

Despite its simplicity, this model gives a reasonable 
d e s c r i p t i o n  of the main f e a t u r e s  of the experimental  phase 
diagram. 

I n  summary the main conclusions of th i s  s tudy  are the 
following. 
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178 R. LAVERSANNE, J .  AMIELL AND C. COULON 

F i r s t ,  (TM!tlT)2SbF, is not a s i n g u l a r  compound i n  the 
(TMTpP)pe series and the physical properties of the alloys 
are close t o  that of this salt for mall amount of doping. 
Moreover t h e  interactions between the anions and the organic  
stacks may be one of t h e  d r i v i n g  forces t o  control both the 
electronic behavior and the competit ion between the low 
temperature ins tab i l i t i es .  Nevertheless the disorder due t o  
alloying s h o u l d  a l so  b e  c o n s i d e r e d  i n  o r d e r  t o  d e s c r i b e  t h e  
low t e m p e r a t u r e  p h a s e  d iagram.  
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