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ESR study of the ordering transformation in k-„BEDT-TTF …2Cu†N„CN…2‡Br
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Ordering transformation and its effect on the electronic structure of thek-~BEDT-TTF!2Cu@N~CN!2#Br
organic superconductor was studied by measuring annealing induced changes in low temperature ESR spectra
and spin susceptibility temperature dependence. The transformation is shown to proceed through coexistence
of two phases. Besides resistivity decrease, ordering was shown to increase ESR spin susceptibility~below
about 160 K! with a tendency for restoration of the temperature independent Pauli term. Gaplike spin suscep-
tibility behavior below 60 K is shown to develop only at some stage of ordering. These effects point to a
relationship between temperature dependent spin susceptibility in the salt and incomplete ordering.
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INTRODUCTION

Influence of the cooling rate on the superconducting tr
sition temperatureTc of k-~BEDT-TTF!2Cu@N~CN!2#Br was
found in one of the first investigations after synthesis of
compound.1,2 Recently this effect has been the subject
numerous studies in the salt with both usual H8-BEDT-TTF
and deuterium substituted D8-BEDT-TTF molecules~which
we will subsequently abbreviate as Br and D-Br sa
respectively!.3–8 There is growing evidence that a proper c
cling is important for electronic properties.3,4,6–8The effect is
related to the phase transition at 80 K, due to the ord
disorder transformation of the terminal ethylene groups
the BEDT-TTF molecules.9 The ordering is in fact realized
through a sequence of phase transformations in appr
mately the 60 to 90 K range.8

It is not clear at present, whether the influence of t
transformation on the electronic properties of the salt is l
ited to disorder induced change of scattering in electro
transport.6,10 In D-Br salt the transformation leads to a coe
istence of two phases, assigned to magnetically ordered
sulator and metal,3 suggesting its importance for the ban
structure.

Contrary to resistance, spin susceptibilityx is not sensi-
tive to the scattering. In normal metalx is independent of
temperature~Pauli spin susceptibility!, reflecting constant
density of states at the Fermi level. In contrast, tempera
dependentx was found in the Br salt by static3 and ESR
measurements,11–15 the origin of which is not clear a
present. The reportedx(T) measurements, however did n
take into account the possible influence of the phase tr
formations, which are sensitive to the thermal cycle. Study
spin susceptibility as a function of thermal procedure c
elucidate the role of the ordering transformation in the el
tronic properties of the material. Hence, the aim of this
ticle is to study ESR in the salt as a function of sam
thermal treatment.
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EXPERIMENTAL

Single crystals of Br salt were grown by a standard el
trochemical procedure. Two samples were selected for E
study. They were single-crystalline platelets about
31 mm2 in size, differing in thickness~0.12 mm, No. 1 and
0.05 mm, No. 2!. Tc of the specimens was 11.2 K, as dete
mined from the resistance transition midpoint in a 1 K/min
cooling run.

ESR measurements were taken using a Bruker ESP 3
X-band spectrometer. A continuous-helium-gas-flow oxfo
900 cryostat was used, allowing quenching rates up to
K/min. Although precise control of the rate was difficu
between 50 to 200 K/min, no significant effect on the resu
was observed. Since the resonator of the spectrometer is
mally isolated from the sample room its quality factor do
not change during measurements. This is supported by g
reproducibility of the ESR spin susceptibilityx measured at
room temperature both before@x i(290 K!# and after the ther-
mal cycle. LinewidthW andx were determined by numerica
integration of the spectrum.16 The line shape was found to b
Lorentzian at high temperature in both samples. Howeve
changed to Dysonian at low temperature in the thic
sample No. 1 after slow cooling, suggesting sample volu
screening.17 Therefore we mainly discuss the data for sam
No. 2.

Since the main aim of our work was to study the role
thermal procedures, we used a geometry with a static m
netic field normal to the conducting plane~along theb axis!.
In this configurationW is essentially less than in thea
direction,14,16 resulting in a higher signal to noise ratio forx.
In addition, it was easier to align the magnetic field alongb
than thec axis, for whichW was nearly the same. Our da
measured on slow cooling corresponded closely to that
viously reported.11–15 The only notable difference was
small gradual decrease inx on cooling from room tempera
ture to 100 K, similar to that in static susceptibilit
measurements.3

The general idea behind the thermal cycles used wa
3278 ©2000 The American Physical Society



th

he

ti

ny
d/

ES
ty
r
in
te
in

ly
tio
s-
a-
h
fix
os
h

n
tiv
nd

s

a
his

of
v
-
ce

,

s-
el
e
e
re-

rp
ity

cle

um

es
of

PRB 61 3279BRIEF REPORTS
alter the degree of ethylene ordering. It was decreased
quenching from high temperature and increased by ei
slow cooling~0.5 to 1 K/min!, or by changing the duration
and temperatureTA of annealing within the 60 to 90 K
range.8 In both cases the states were characterized by t
low temperature ESR spectra~taken at 12 K to exclude from
consideration the effects associated with the superconduc
state, which are beyond the scope of this article! and spin
susceptibility temperature dependence.x(T) was measured
in a standard 1 K/min warming run from 4.2 K, hence a
difference observed is due to the preceding cooling an
annealing cycle.

RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the
linewidth W(T) and of the normalized spin susceptibili
~taken on warming! after quenching from 290 K and afte
cooling at a rate of 1 K/min. In both samples after quench
the line is narrow and symmetric. It remains symmetric af
slow cooling in No. 2, but becomes slightly asymmetric
No. 1. The difference inW(T) between quenched and slow
cooled states is observed until entering the transforma
range, above about 60 K. It is difficult to follow the tran
formation in situ since the line is broad at this high temper
ture. However,W is small at low temperatures, giving hig
resolution, which enables study of the transformation by
ing its intermediate stages with quenching. For this purp
we used step-by-step annealing of the sample, quenc
from room temperature. As shown in Fig. 2~a!, curve 3, an-
nealing in the transformation range results in the appeara
of two distinct lines, representing two phases. The respec
splitting is practically erased at the high temperature bou
ary of the transformation range~curve 4!. This result is quite
similar to the experimental observation in the D-Br salt3 and
is also in line with the ethylene ordering model,18 predicting
transformation through coexistence of two phases.

It should be noted that the line splitting of Fig. 2~a! di-
rectly shows a difference ing factors of the two phases. It i

FIG. 1. Temperature dependence of the ESR linewidth~open
symbols! and of the ESR spin susceptibility~closed symbols!, nor-
malized by the value at room temperature before thermal cy
x i(290), after slow cooling~circles! and quenching~triangles! from
290 K. The data were taken in identical run on slow warming~1
K/min! from 4.2 K.
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thought that the BEDT5TTF molecule and its orientation in
the crystal mainly determine theg factor in organic charge
transfer salts.17 Hence, theg factor change could indicate
change of molecular orientation in the lattice. However, t
is not the only possibility. The temperature dependence
both the linewidth andg factor was discussed by Katae
et al.,12,13 although the origin of this behavior is still contro
versial.W strongly decreases with sample quenching. Sin
ESR signal in this system is due to conduction electronsW
can be determined by the Elliott mechanism.19 In this model
W is determined by the spin-lattice relaxation timeT1 asW
51/gT15a(Dg)2t21, whereg is the gyromagnetic ratio,a
is a numerical factor of the order of 1/30,Dg5(g
22.0023) is the deviation of theg factor from that of the
free electron, andt21 is a scattering rate of any origin, cau
ing relaxation of conduction electrons. Within this mod
both theg factor andW are related to resistivity. Therefor
the difference in theg factors could be due simply to th
difference in conducting properties. This seems to cor
spond to the parallel increase of bothW and resistivity with
temperature. However,W decreases on quenching in sha
contrast with the increase of resistivity. Another possibil

s

FIG. 2. Transformation of the low-temperature ESR spectr
~a! and spin susceptibility temperature dependence~b! of the
quenched sample No. 2 with successive annealing at increasingTA :
~1! after initial quenching from room temperature to 4.2 K;~2!
followed by annealing at 50 K for 4 h and quenching at 4.2 K;~3!
followed by 4 h annealing at 75 K and quenching to 4.2 K;~4!
followed by 1 h annealing at 90 K and quenching to 4.2 K. Curv
2~a! and 1~b! are not shown, since they are very close to those
1~a! and 2~b!, respectively.
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to explain the decrease inW is to assume an increase of th
Fermi velocity due to partial gapping of the Fermi surfac
~FS!.12 This idea seems to be in line with restoration of sp
susceptibility upon increase of the degree of ordering@see
Figs. 1 and 2~b! below#.

Figure 1 showsx(T) of the sample in the states with
strongly different ordering.x(T) measured on warming after
slow cooling resembles basically that obtained in static su
ceptibility measurements.3 Susceptibility decreases nearly
linearly on cooling, approximately 20% decrease ofx from
290 to 100 K, which is a little greater than the 15% decrea
reported in the literature.3 Figure 2~b! shows the effect of
annealing onx(T) in a temperature range, limited to tha
below and in the ordering range. In each cycle the data w
taken on 1 K/min warming to the nextTA . The annealing
induces gradual increase of the spin susceptibility. The ga
like behavior is not typical for the quenched state~curve 1!.
It evolves only at a definite stage of generalx increase upon
annealing~curves 3 and 4!, showing its close relation to the
ordering transformation.20–23

Actually annealing is influencingx(T) both below and
above low temperature transformation range~Fig. 1!. In the
latter case the effect is mainly kinetic in origin and is caus
by existence of the sample in a thermodynamically noneq
librium state. We checked that tempering of annealing
intermediate states givesx(T) curves lying between the two
curves shown in Fig. 1. The curves coincide at approx
mately 160 K, however, diverge slightly above 200 K agai
Comparison of the curves obtained after slow cooling a
after quenching actually gives the high temperature limit
the stability of quenched phase. This limit corresponds a
proximately to 160 K, and meets reasonably the temperat
of ethylene ordering change, as established in anneal
studies.24,8

As we can see, by improving the order of the ethylen
groups with annealing,x of the sample can be increased
Notably, the temperature range in which the difference
observed is close to that in which incommensurate ethyle
superstructure was detected by high resolution NM
studies,25 pointing to an interaction of the superstructure wit
the electronic system~at least below 160 K!.

Since degree of ordering influences spin susceptibility, w
have to conclude influence of the molecule conformatio
change on the band structure. Several alternatives could
mentioned for the mechanism of this influence. The ethyle
groups do not carry sizable electronic density. Therefore th
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can influence the electronic system only indirectly, by eith
changing the transfer integrals between the molecules or/
introducing charge modulation through distortion of the a
ion layer. The uniform increase of the interdimer transf
integrals can drive the system to the Mott transition from t
insulating to the metallic state on cooling.3 If the change of
transfer integrals is periodic due to the superstructure,
modulation can act similar to a charge density wave~CDW!,
provided the superstructure wave vectorq meets nesting con-
ditions q52kF somewhere at the Fermi surface. CDW-lik
behavior is also possible for modulation of the ion positio
within the anion layer. In the case of random change of
transfer integrals due to disorder, an Anderson localizat
can be observed.

It is clear that lattice shrinking on ethylene orderin
should be favorable for the Mott transition. Assuming thatx
decrease on cooling is due to Mott transition,3 increase of
ordering should then lead tosimultaneousresistivity and sus-
ceptibility decrease, which is in contrast to our observatio
A decrease ofx resulting from partial decrease of the densi
of states at the Fermi surface is more consistent with
data. In this model the susceptibility should be Pauli-like
the disordered metallic state at high temperature and resis
ity decrease should be accompanied by susceptibility
crease, in line with our experimental observation.

CONCLUSION

Phase transformation in the 60 to 90 K range in the
ganic superconductork-~BEDT-TTF!2Cu@N~CN!2#Br pro-
ceeds through coexistence of two phases, in line with
prediction of the model for ethylene ordering. An increase
the degree of the ordering leads to a general increase of
susceptibility. This observation points to a decrease in
density of states at the Fermi surface due to incomplete o
as one of the main reasons for the temperature dependen
spin susceptibility.
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