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MAGNETIC ANISOTROPY OF (TMTSF)pCI04 I N  RELAXED AND 
QUENCHED STATES 

M. M I LJAK AND J . R, COOPE R 
i n s t i t u t e  o f  Physics o f  the Un ivers i ty ,  P.D.Box 304, 
41001 Zagreb, Yugoslavia 

Abstract  - Measurements o f  magnetic anisotropy o f  s i n g l e  c ry -  = (TMTSF)2Cl04 have been made from 2-300K f o r  the re la -  
xed (R) and quenched (Q) states.  I n  the R s t a t e  the p r i n c i p a l  
axes o f  the s u s c e p t i b i l i t y  tensor co inc ide  w i t h  the TMTSF 
axes and the anisotropy I s  dominated by the molecular d i a m -  
gnetism. Small changes below 30K a re  ascr ibed t o  anion orde- 
r i n g  a t  Tp25K. Above TA there  i s  a small temperature depen- 
dence which i s  shown t o  a r i s e  from the spin s u s c e p t i b i l i t y  
(x,) v i a  the g f a c t o r  anisotropy. Th is  e f f e c t  can be used t o  
make a new estimate o f  Xs. i n  the Q s t a t e  measurements we l l  
below the spin f l o p  f i e l d  o f  3.1 kg g l ve  the d i r e c t i o n  o f  the  
ant i ferrornagnet lc easy ax i s  which I s  420 out o f  the  molecular 
plane (towards 2) and a t  730 t o  the  long molecular ax is .  

I n  t h i s  paper we repor t  new r e s u l t s  o f  t o rs ion  measurements made on 

an 8 m ~ g  s i n g l e  c rys ta l  o f  (TMTSF)2C104 i n  a uni form magnetic 

f i e l d  (H) using a quartz f i b r e  torque meter (M.MI l j a k  t o  be pub1 i- 

shed). The torque was measured as a func t i on  o f  H and f i e l d  angle 

(8) f o r  several c r y s t a l  o r i en ta t i ons .  The R s t a t e  was obtained by 
coo l ing  s lowly,  i n  about 30 minutes, from 77 t o  4.2K w h i l e  the  Q 

s t a t e  corresponds t o  a coo l ing  t ime o f  30 sets from 45 t o  4.2K. 

gure l ( a ) .  The conversion f a c t o r  from torque i n  dyne cm t o  aniso- 

t ropy i n  s u s c e p t i b i l i t y  (Ax) i n  emu/mole i s  1/8.4 i e .  depending on 

the c r y s t a l  o r i e n t a t i o n  the magnitude o f  A X  ranges from 4-10-5 t o  

1.10m5 emdmole and i s  m s t l y  due t o  the  anisotropy i n  the tempera- 

t u r e  independent molecular diamagnetism. 

Some t y p i c a l  anisotropy r e s u l t s  f o r  the R s t a t e  a re  shown i n  F i -  

The r e s u l t s  i n  l ( a )  f o r  H I n  the plane perpendicular to: agree 

w i t h  those reported prev ious ly  . For o the r  o r i en ta t i ons  the d i f f e -  

rences are  due t o  the d i f f e r e n t  c r y s t a l  morphology ( i n  re f .1  the  
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M. MIUAK AND 1. R. COOPER 

, 0 , 1 0 ~ 1 0 . 4 ~ , ~ ~ / m d e  
, AX 

0 . . . . ' . . . . 1 . . . . "  
0 loo 200 T : K l  

1 2 -10.kbnrYndp 1 

f i g .  1. Anisotropy and susceptibiliQ results for  (TKl'SF)2Cl04 i n  
the relaced state. 
(a) Toque versus f i e ld  angle at  5 kgauss f o r  the three crystal 
orientations shown. S shows the direction of the quart2 swpensian 
a n d ' t - H d  the f ie ld  plane. 
(b )  Spin susceptibility vs. tenperature using a constant core 
diamrgnetisrn -4.07 IW4emu/rnole ((TMPSF)2ClOq) 
(c l  Anisotropy [ n ~ )  i n  ac* plane vs.tenpemture 
(dl Anisotrqy @ X I versus spin susceptibiliitg for  tenperatures 
betveen 280 and 4.2K. 
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MAGNETIC ANISOTROPY OF (TMTSF)~CIOI 143 

OLmCHED 
H.1.5 kgGUSS 

T = 2.2 K 

(b) 

Hg.2 .  Comparison of anisotropll of (Th5'SF)zCtOq i n  the relaxed (R) 
and quenched (&)states  for  two special omhta t ions  exhibiting a 
spin flop unomaty a t  3.1 kgaqs. 
(a)Sanp,le rotated 35O about c . A t  H=l.5kgauss the q l i t u d e  of the 
sine m e  is 5 times large+ i n  the*Q state.One of the crossing p~ 
i n t s  of  the TQ-TR curve at  81° t o  c corresponh t o  H ueqj near t o  
the antiferromagnetic easy &s. 
I b ) S q l e  rotated 180 about SAgain the crossing pmnt  of TQ-TR 
which is at 420 t o  Q closelu corresponds t o  the easy axis. 
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144 M. MIUAK AND J .  R. COOPER 

l a rges t  face was i n  f a c t  an (OT1) plane ie. the plane containing 

- a and the longest molecular ax i s  whereas i n  the present work i t  i s  

an ( 0 0 1 )  plane). For HI1 2 there  i s  a small s h i f t  i n  the s ine  cur- 

ve below 30K which i s  ascribed t o  the anion order ing  a t  TA=25K.We 

have seen s imi la r ,  but  somewhat larger, s h i f t s  i n  the  Re04 and 

FSO analogues. For the o ther  two c rys ta l  o r i en ta t i ons  shawn i n  F i -  

gure 1 (a) the amp1 i tude o f  the  torque curves changes s l i g h t l y  w l  t h  

temperature. I n  Figures l ( b )  and (c) we compare the temperature 

dependence o f  the  spin suscept ib i  i t y  and the  anisotropy (AX) i n  

the  ac plane. They are very s imi ar,  and as shown i n  Figure l ( d )  

they are i n  fac t  l i n e a r l y  re la ted  t o  each o ther  between 280 and 

60K. The slope of the l i ne ,Ax /xs ,  i n  Figure l ( d )  Is equal t o  what 

would be expected from the known anisotropy2 i n  the temperature irr 

dependent conduction e lec t ron  g fac to r ,  namely 2 - ga/c g2> t o  

w i t h i n  6%. So the torque curves contain a small term a r i s i n g  from 

the anisotropy i n  the conduction e lec t ron  s u s c e p t i b i l i t y  which i s  

p ropor t iona l  t o  x s * 6 g  /<g2>. Thls holds down t o  a t  l eas t  60 K 
(and possibly 30K) and provides a new way o f  est imat ing 

3 

1 
* 

2 
di 

2 

Xs. 
From the in te rcept  of  the s t r a i g h t  l i n e  in  Figure l ( d )  w i t h  the 

xS axis we see tha t  the values o f  x a r e 0 9  +0.C5-10-4 emu/mole 
-4 too high. Thus the cor rec t  value o f  
1 /mole which i s  21% la rge r  than the est imate given prev ious ly  . 

S 
~ ~ ( 6 0 )  i s  1.7 2 0.05.10 emu/ 

In Figure 2 are shown torque (T) curves versus f i e l d  angle i n  

the R and Q s ta tes  a t  1.5 kgauss - we l l  below the sp in  f l o p  f i e l d ,  

and where even i n  the ant i ferromagnet ic s t a t e  the suscept ib i  1 I t y  

tensor w i l l  be approximately f i e l d  independent. The d i f f e rence  

curves TQ-TR are shown because these g i ve  in fo rmat lon  about the 

anisotropy caused by the  antiferromagnetlsm. In  the Q s ta te  a t  

1.5 kgauss the amplitudes o f  the s ine  curves are fac to rs  o f  5 
(Figure 2(a)) and 2 (Ftgure 2 ( b ) )  l a rge r  than i n  the R state.Thus 

-4 I n  the Q s ta te  the anisotropy i s  o f  the  order o f  0.8-1.4*10 emu/ 

mole, corresponding to the p a r t i a l  disappearance of the  sp in  suscep 

t i b i l i t y  along the easy axis. 
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MAGNETIC ANISOTROPY OF (TMTSF)XIO. 145 

For the special  c r y s t a l  o r l e n t a t i o n s i n  F igure  2 there  are c l e a r  

anomalies a t  the spin f l o p  f i e l d  o f  3.1 kgauss as shown i n  F i g u r e 3  

A de ta i l ed  ana lys is  o f  these resu l t s  i s  under way t o  compare them 

w i t h  the to rs ion  resu l t s  f o r  the PF6 s a l t  and the anti ferromagne- 

t i c  resonance work by Torrance and coworkers . I n  general the zero 

crossing po in ts  o f  the T -T 

p r l n c l p a l  axes. However f o r  the orientat ionsshown there  a re  a l s o  

c lea r  spin f l o p  anomalies c lose t o  some o f  the crossing po in ts  

(Figure 3 ) .  Thus the crossing p o i n t  I n  F igure  2(a) a t  an angle o f  

81' t o  c* and t h a t  I n  Figure 2(b) a t  an angle o f  42' t o  2 must c lo -  

se ly  correspond t o  the easy axis. However a ca re fu l  numerical ana- 

l y s i s  i s  necessary t o  evaluate the accuracy o f  these estimates and 

the q u a n t i t a t i v e  agreement w i t h  the r e s u l t s  o f  ref.3. 

The d i f f e r e n t  amplitudes o f  the T -T s ine  curves i n  2(a) and 

2(b) show tha t  there a re  a l s o  la rge  d i f f e rences  between the  i n t e r -  

mediate and hard ax i s  s u s c e p t i b i l i t i e s .  The presence o f  a sharp 

sp in  f l o p  anomaly, and the s i m i l a r i t y  o f  the curves i n  F igure  3(b) 

w i t h  those f o r  the PF6 s a l t '  i nd i ca te  t h a t  the Q s t a t e  I s  ra ther  

unl form even though on ly  modest quenching speeds cou ld  be employed 

I n  t h i s  work. 

1 

3 

s ine  curves do no t  correspond t o  the 
Q R  

Q R  

i n  Figure 3(a) there i s  a "notch" anomaly a t  the sp in  f l o p  f i e l d  

whereas I n  Figure 3(b) there  i s  a "step". We have observed s i m i l a r  

types o f  anomaly i n  the PF6 s a l t  and be l i eve  tha t  the two d i f f e -  

ren t  shapes may be a trademark of the easy-intermediate and easy- 

hard planes respect ively.  However a r igorous q u a n t i t a t i v e  ana lys is  

o f  such curves Is not  p resent ly  ava i lab le .  
4 3 As ind ica ted  i n  Figure 4, i n  cont ras t  t o  the AsF6 and PF6 s a l t s ,  

i n  quenched C104 the ant i ferromagnet ic easy ax i s  does n o t  seem to 

correspond t o  any p a r t i c u l a r  symmetry d i rec t i on ,  n e i t h e r  w i t h  re- 

spect t o  the c r y s t a l  axes no r  w i t h  respect t o  the molecular symme- 

t r y  axes. 

We are g r a t e f u l  t o  K.Bechgaard (Copenhagen) and A. Moradpour 
(Orsay) f o r  the s ing le  c r y s t a l  used I n  t h i s  study. 
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146 hi. MIUAK AND J. R. COOPER 

Fig .3 .  Toque versus f i e ld  cumes for two special crystal ohenta- 
tions where sharp anomalies due t o  the spin f lop transit6on are 
seen, at f ie lds  near 3.1 kgaua 

the suaceptibiZity tensor is constmt in that region. 

d direotion close t o  the mti- 
ferromagnetic easy axis. The H P a n  dependence at  low f i e lds  shows that 

Fig.4. From the previous figures ue deduce that the easy a x i s  has 
the direction s h m .  
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