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Whereas the static spin-susceptibility x5(T) of b and at-(BEDT-TTF)& at 5.7 
tesla increases in a slow monotonic manner with temperature, xS(T) for the organic 
superconductor (BEDT-TTF)$Zu(SCN)2 displays a markedly structured tempera- 
ture dependence. This gives evidence for two or more phase transitions in the meta- 
llic phase at temperatures near 100 K and 50 K, in addition to the onset of super- 
conductivity at 5.7 tesla below * 8 K. Good agreement is found between the abso- 
lute magnitudes of static and ESR susceptibility results, thus confirmin that orbi- 
tal susceptibility contributions are of negligible importance here. Coiing in low 
magnetic fields reveals that superconductivity in (BEDT-TTF)&‘u(SCN)z sets in at 
a temperature near 8.5 K, with a 7.6% Meissner effect in 14 G field. 

1. Introduction 

The discovery* in 1981 of superconductivity near 
1 K in (TMTSF)zPFs under pressure has been followed 
by the synthesis of approximately fifty further organic 
superconductors, a number of which are superconduc- 
ting at ambient pressure. The highest values of the 
superconductin transition temperature T, have invol- 
ved radical sa ts obtained from the organic donor 3 
BEDT-TTF (bisethylenedithiolotetrathlafulvalene). 
Subjecting the 1 K - superconductor &(BEDT- 
TTF)& to a particular pressure/temperature cycle2 
results in a compound with a slightly altered structure 
which is superconducting at 8 K; unfortunately, this 
altered structure is only stable for temperatures below 
125 K. The discovery31 1 and confirmation of ambient- 
pressure superconductivity at 8 K in ot-(BEDT- 
TTF)& is thus of considerable importance because the ,- 1 

o.t-phase remains stable for all ‘temperatures below 
,350 K. The a+--ohase is obtained directlv from nonsu- 
perconducting &d(BEDT-TTF)& by annealing at 70’ C 
for approximately four days. The crystal structures of 
the @- and at-phases are quite similar, although the 
precise relative atomic positions in the at-phase are not 
yet established. The close similarity of the /?- and 
at-structures is also supported by IV-NMR, ESR-line- 
width, and Raman measurements.4 

‘The existence of a new ambient pressure BEDT- 
TTF suoerconductor with the counter anion CU(SCN)~ 
has recently been reported by Urayama et al.5 and 
confirmed by Girtner et al.6 The resistive midpoint of 
the superconducting transition occurs at approximately 
10.4 K, the highest T,-value reported to date for an 
organic superconductor. Although x-ray diffraction 
results7 reveal that no change in phase occurs in this 

:ompound between 300 K and 104 K, recent thermo- 
power studies6 point to possible phase transitions at 
temperatures near 90 K and 50 K. Whereas the electri- 
cal resistivity passes through a clear maximum at 
-90 Ksl s and the static ma 
appear to falloff somewhat 

netic susceptibility data xs 
% elow 90 K,s the ESR sus- 

ceptibility data are not sufficiently accurate to resolve 
any structure in ,Y~(T).~ Some questions still remain 
unclarified concerning the precise atomic coordinates in 
this compound at low temperatures. 

Measurements of the Pauli spin-susceptibility xs 
provide information on the density of electron states at 
the Fermi energy N(Er) as well aa on the importance of 
electron-electron interactions. Whereas the tempera- 
ture and pressure dependences of the spin-susceptibility 
of the Bechgaard saltsa, 9 (eg. (TMTSF)zPFe), TTF- 
TCN&,lu~ 11 and other or anic metals” are often hi 
anomalous, xs for (Y- or b (BEDT-TTF)& is foun 5 

hly 
to 

than e 
sure. 8 1 l2 

relatively little with temperature or pres- 
In the present paper we present recision 

measurements of xS(T) for at-(BEDT-TTF 213 P and 
(BEDT-TTF &u(SCN)z. 
was measure d 

The magnetic susceptibility 
using both static Faraday and standard 

ESR techniques. Experimental preparation and 
measurement techniques have been given in previous 
papers.41 6, 12 

2. Results on at-(BEDT-TTF)& 

The static spin-susceptibility 
a 96 mg sample of randomly 

xs 
oriente 6 

T) at 5.7 tesla of 
crystals of ot- 

(BEDT-TTF)& is plotted in Fig. 1 as a function of 
temperature. x(T) for the ,&phase of the same com- 
pound is also shown. Since in the vir ‘n a-phase xS(T) 
drops sharply due to the metal-insu ator transition as ? 
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perature xs(T) falls for both phases at a slow monotonic 
rate which increases distinctly for temperatures below 
~100 K for the fl--phase and ~150 K for the at-phase. 
At least part of this temperature dependence can be 
attributed to thermal contraction effects, as emphasized 
by Klotz et al. l° for the fl--phase. The more severe 
decrease in xs(T) below 100 K for the fl-phase may be 
clue to the distortion of the linear I3-anion chains below 
125 K in this Tc'z- 1 K superconductor. At room tem- 
perature, Xs ~ +(6.8 4- 0.07)x10 -4, +(4.6 4- 0.1)xl0 -4, 
and +(4.5 4- 0.07)x10 -4 emu/mole for the a- ,  ~--, and 
at-phases, respectively (since Xcore is the same for all 
three phases, the above error limits do not include the 
uncertainty in Xcore); using the simple formula Xs = 
2~bN(Ef), we derive, respectively, the values N(Ef) 
10.5, 7.1, and 6.9 states/(eV-spin-f.u.). 

The relati,~e temperature dependence of the sp in-  
' susceptibility Xs for crystals of at-(BEDT-TTF)2I~ was 

300 previously investigated by standard ESR methods in the 
temperature range from 5 - 300 K. 4 We have recently 
determined the absolute value o~ Xs for this compound 
in the following way: first, we measured the ESR signal 
of a single crystal of a-(BEDT-TTF)213 and calculated 
Xs(a) in the usual way from the linewidth and the in- 
tensity of the signal in arbitrary units, la The same 
single crystal was then annealed for several days at 
70°C in order to obtain the arphase. 4 After this proce- 
dure the ESR signal of this at-(BEDT-TTF)~I3 crystal 
was measured and X(at) was calculated again. Fig. 2 
shows the ESR signal of the conduction electrons at 
300 K for both phases. For the a-crystal the sensitivity 
of the ESR receiver was eight times higher than for the 
transformed at-crystal. The ratio of the two susceptibi- 
lities obtained was Xs(C~t)/Xs(a) = 0.686 -F 0.02 at room 
temperature. Taking the value of X~(c0 = +6.8x10 -4 
emu/mole from t~f. 12 we thus obtain Xs(c~t) = 
+(4.6 4- 0.14)x10 -4 emu/mole, a value which agrees 
well with the above value from the present static sus- 
ceptibility measurement. 

3. Results for (BEDT-TTF)~Cu(SCN)2 

In Fig. 3 the spin-susceptibility x~(T) of a 74 mg 
sample of the new organic superconductor (BEDT-- 
TTF)2Cu(SCN)2 is compared to that of the at-phase 
(the value of the core diamagnetism for this compound 

Fig. 1 Static spin-susceptibility of fi- and c~t-- 
(BEDT-TTF)2Iz as a function of temperature in a 
magnetic field of 5.7 tesla. Data for fl--phase are taken 
from l~ef. 12. Vertical lines give error in Xs for the 
at-phase assuming the temperature independent value 
X . . . .  = --5.2x10 -4 emu/mole. Similar error bars apply 
for the fi--phase. 

the temperature passes through T ~ 135 K, 12 the ab- 
sence of any observable anomaly at 135 K for the at-- 
phase allows the estimate that this phase is free of any 
residual a-phase component to better than 0.2%. The 
complete absence of a low-temperature Curie depen- 
dence bears witness to the magnetic purity of the sam- 
ples studied. As discussed in a previous paper) 2 the 
appropriate value of the temperature independent core 
diamagnetism is X¢ore ~ -5.2x10 -4 emu/mole (1 mole = 
1149 g)which should be essentially the same for a-,  
at-, and fi-phases. The spin-susceptibility is then given 
by xs(T) = x(T) - Xcore where X is the total measured 
susceptibility. In Fig. 1 xs(T) for the at-phase is seen 
to differ little from that of the fl--phase, underscoring 
the similarity of the two phases. With decreasing tern- 

- -  - -  2 

~t-(BEDT-TTF )213 

100 @ 

x 8  

Fig, 2 ESR signal of a single crystal of c~-(BEDT-- 
TTF)213 before and after the heat treatment which 
transforms it into the at-phase. The ESR curve for the 
a-phase has been magnified eightfold; it is seen to be 
broader than for the e~t-phase which has a width similar 
to that for the j~-phase(l~{. 4,12). 



Vol. 67, No. i0 STATIC AND ESR SUSCEPTIBILITIES 983 

' 1  i I 1 

0 
E 

E (D 

-. (BEDT-TTF) 2 Cu (SON} 2 

... ................. } ........................................................ :::::::::::::::::::::::::: 

..:;'i!:'. ........... c~t (BEDT-TTF)2 I~ 

H=5.7 T 

1 , ~ , , , 
0 1 0 200  30, 

Tempero tu re  (K) 

Fig. 3 Static spin-susceptibility of (BEDT-- 
TTF)2Cu(SCN)2 and at-(BEDT-TTF)213 as a function 
of temperature in a magnetic field of 5.7 tesla. The 
nonmonotonic temperature dependence for the former 
compound indicates the occurrence of phase transitions; 
the drop in xs(T) below 10 K arises from the supercon- 
ducting transition (Meissner effect). Vertical lines give 
error estimate of Xs assuming the temperature indepen- 
dent value Xcore = -4.74X10 -4 emu/mole. 

is due to a decrease in carrier charge density as a gap 
opens up; such a carrier charge decrease would lead to a 
decrease in Xs as found for a-(BEDT-TTF)2I:3, m The 
val-"~-~e of the spin-susceptibility of (BEDT-- 
TTF)2CuISCN)2 at 280 K (Xs(280 K) = +(4.6 4- 
0.08)x10- emu/mole) allows the estimate N(Et) = 7.1 
states/(eV-spin-f.u.),  in good agreement with the work 
of Nozawa et al. 13 who argue that this value appears to 
be strongly enhanced. 

We have recently determined directly in an ESR 
experiment that Xs(300K) = +(4.4 4- 0.4)x10 -4 
emu/mole for (BEDT-TTF)2Cu(SCN)2. This value 
compares well with that from the above static Faraday 
measurements. The relatively large error in the ESR 
value originates from inaccuracies m weighing the tiny 
crystal (530 4- 50 I~g). The good agreement between the 
magnitude of the spin-susceptlbility as derived from 
boths ta t ic  susceptibility and ESR work indicates that 
orbital contributions to the static susceptibility are 
relatively unimportant• 

The low-field static susceptibility of (BEDT-- 
TTF)2Cu(SCN)2 was measured upon cooling (Meissner 
effect), as shown in Fig. 4. No attempt was made to 
correct the measured data for dentagnetization factor 
effects as the sample consisted of 74 mg of finely subdi- 
vided crystals with random orientation. From these 
data and the known volume per mole (508.4 cma/mole), 
the percentage of the full Meissner effect (X = --114< 
emu/cm 3) at low temperatures (2 K) is estimated to be 
7.6% at 14 G, 3.9% at 40 G, 2.6% at 60 G, 2.0% at 80 
@, 1.5% at 106 G, and 0.00074% at 5.7 tesla (from Fig. 
3). In an az susceptibility measurement at 0.3 G an 
effect of at least 70% was observedY At low fields the 
onset of superconductivity is seen to occur at tempera- 
tures near 8.5 K. Urayama et al. 5 find a similar onset 
temperature with ~5% Meissner signal for 100 @ applied 
field. In contrast to the results of Nozawa et al., 13 we 
observe no increase in the low-field susceptibility curves 

is given 5 by X . . . .  = --4.74x10 -4 ainu/mole). The tem- 
perature dependence of xs(T) for tile former compound 
reveals prominant structure which was not clearly resol- 
ved in previous work. 5, 6 The susceptibility passes 
through a shallow minimum at 220 K and a broad maxi- 
mum at 100 K followed by a more pronounced falloff 
below 60 K (the sharp drop for temperatures below 
10 K arises from the superconducting transition 
(Meissner effect)). The markedly structured 
temperature dependence of Xs for 
(BEDT-TTF)2Cu(SCN)2 thus indicates the possibility 
of two or more phase transitions near 100 K and 50 K, 
thus supporting the thermopower results~ discussed 
above. Structural studies to liquid helium temperatures 
would be useful to help clarify the nature of these 
transitions. It is interestin( to note that the. 
resistivity5, 6 of this compouna also passes through 
minimal and maximal values at roughly the same tem- 
peratures as xdT) .  This parallelism could perhaps arise 
from the anomalous increase in the separation of the 
highly conducting planes in this compound upon cooling 
which would lead to increased electron localization in 
the be-plane, i.e. a decrease in the three dimensionality 
of the system. Increased localization would be expected 
to lead to an increase in both the bulk resistivity and 
the susceptibility due to electron-electron correlation 
effects. As was pointed out by Urayama et al., 5 the fact 
that the spin-susceptibility is only weakly temperature 
dependent would appear to rule out the possibility that 
the negative resistivity slope between 300 K and 100 K 
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Fig. 4 Measured static magnetic susceptibility of 
(BEDT-TTF)2Cu(SCN)2 at low magnetic fields as a 
tunction of temperature upon cooling (Meissner curves). 
The size of the Meissner signal is seen to decrease rapid- 
ly at higher fields. 
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as the sample is cooled below 6 K, underscoring the 
relative freedom of our samples from paramagnetic 
impurities. The fact that a clear transition toward 
diamagnetism is still observed near 8 K for an applied 
field of 5.7 tesla (Pig. 3) speaks for an unusually high 
value of He2. Oshima et alJ 4 have estimated that for 
Hilt, H~2(7 K) e 10 tesla and 0Hc2/o~I ' --" -4 tesla/K. 
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