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Evidence for structural and electronic instabilities at intermediate temperatures
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We present high-resolution measurements of the coefficient of thermal expansiona(T)5] ln l(T)/]T of the
quasi-two-dimensional~quasi-2D! salts k-(BEDT-TTF)2X with X5Cu(NCS)2 , Cu@N(CN)2#Br, and
Cu@N(CN)2#Cl in the temperature rangeT<150 K. Three distinct kinds of anomalies corresponding to dif-
ferent temperature ranges have been identified. These are~A! phase-transition anomalies into the supercon-
ducting„X5Cu(NCS)2 , Cu@N(CN)2#Br… and antiferromagnetic„X5Cu@N(CN)2#Cl… ground state,~B! phase-
transition-like anomalies at intermediate temperatures~30–50! K for the superconducting salts, and~C! kinetic,
glasslike transitions at higher temperatures, i.e.,~70–80! K for all compounds. By a thermodynamic analysis
of the discontinuities at the second-order phase transitions that characterize the ground state of system~A!, the
uniaxial-pressure coefficients of the respective transition temperatures could be determined. We find that in
contrast to what has been frequently assumed, the intraplane-pressure coefficients ofTc for this family of
quasi-2D superconductors do not reveal a simple form of systematics. This demonstrates that attempts to model
these systems by solely considering in-plane electronic parameters are not appropriate. At intermediate tem-
peratures~B!, distinct anomalies reminiscent of second-order phase transitions have been found atT*
538 K and 45 K for the superconductingX5Cu(NCS)2 and Cu@N(CN)2#Br salts, respectively. Most inter-
estingly, we find that the signs of the uniaxial pressure coefficients ofT* , ]T* /]pi ( i 5a,b,c), are strictly
anticorrelated with those ofTc . Based on comparative studies including the nonsuperconductingX
5Cu@N(CN)2#Cl salt as well as isotopically labeled compounds, we propose thatT* marks the transition to a
density-wave state forming on minor, quasi-1D parts of the Fermi surface. Our results are compatible with two
competing order parameters that form on disjunct portions of the Fermi surface. At elevated temperatures~C!,
all compounds showa(T) anomalies that can be identified with a kinetic, glasslike transition where, below a
characteristic temperatureTg , disorder in the orientational degrees of freedom of the terminal ethylene groups
becomes frozen in. Our results provide a natural explanation for the unusual time- and cooling-rate depen-
dences of the ground-state properties in the hydrogenated and deuterated Cu@N(CN)2#Br salts reported in the
literature.

DOI: 10.1103/PhysRevB.65.144521 PACS number~s!: 74.70.Kn
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I. INTRODUCTION

Organic charge-transfer salts based on the electron-d
molecule bis~ethylenedithio!-tetrathiafulvalene, commonly
abbreviated BEDT-TTF or simply ET, are characterized
their quasi-two-dimensional electronic properties. They c
sist of alternating conducting ET layers and insulating an
sheets. Within the conducting layers, the delocalization of
charge carriers is provided by the overlap of thep orbitals of
sulfur atoms of adjacent ET molecules. The packing patt
of the ET molecules and, thereby, the electronic proper
are determined by the anion structure via short C-H••• an-
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ion contacts of the terminal ethylene groups of the ET’s.
forming the solid, these@(CH2)2# end groups can adopt tw
possible out-of-plane configurations, with the relative orie
tation of the outer C-C bonds being eithereclipsedor stag-
gered. While at high temperatures the@(CH2)2# system is
thermally disordered, a preferential orientation in one of
two configurations, depending on the anion and crystal str
ture, is adopted upon lowering the temperature. This po
to the fact that the ethylene conformation is an import
parameter determining the structural and physical proper
of the ET compounds.1–3

Within this class of materials, thek-phase (ET)2X salts
©2002 The American Physical Society21-1
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are distinct because of their interesting superconducting
normal-state properties—some of which are similar to th
of the high-Tc cuprates.4,5 The compounds with the comple
anions X25@Cu(NCS)2#2 and @Cu$N(CN)2%Br#2, which
will be abbreviated ask-Cu(NCS)2 andk-Br, are supercon-
ductors withTc values of 10.4 K and 11.6 K, respectivel
On the other hand, the systemk-(ET)2Cu@N(CN)2#Cl, in
short k-Cl, is an antiferromagnetic insulator (TN527 K)
which can be transformed into a superconductor withTc
512.8 K upon applying a small hydrostatic pressure of o
300 bars.6 Kanoda7 proposed a conceptual phase diagram
the dimerick-type BEDT-TTF salts where the application
hydrostatic pressure has been linked to a variation of
plane electronic parameters only, i.e.,Ueff /W with an effec-
tive on-site ~dimer! Coulomb interactionUeff and a band-
width W: with increasingUeff /W the ground state change
from a paramagnetic metal~PM! to a superconductor~SC!
and further to an antiferromagnetic insulator~AFI!. The po-
sitions of the various salts with different anions in the pha
diagram are determined by their ambient-pressure grou
state properties. In this picture, the deuterated
k-(D8-BEDT-TTF)2Cu@N(CN)2#Br, denoted ask-D8-Br, is
situated right at the AFI/SC border in between the antifer
magnetic insulatingk-Cl and the superconducting hydrog
natedk-H8-Br salts. The close proximity of an antiferroma
netic insulating to a superconducting phase has b
considered—in analogy to the high-Tc cuprates—as a stron
indication that both phenomena are closely connected
each other.5 A theoretical approach to the above proposal h
been given by Kino and Fukuyama8 on the basis of a two-
dimensional~2D! Hubbard model. In this picture, the AF
state of k-(ET)2X is a Mott insulating phase. The Mott
Hubbard scenario for the title-compound family implies
half-filled conduction band together with strong electron c
relations leading to unusual normal-state properties in
metallic phase~pseudogap behavior! close to the magnetic
insulating phase and a spin-fluctuation media
superconductivity.7,9

In fact, various properties of the normal state sh
anomalous behavior: the spin-lattice-relaxation rate (T1T)21

of the superconductingk-H8-Br andk-Cu(NCS)2 salts stud-
ied by 13C-NMR shows a maximum around 50 K which h
been ascribed to antiferromagnetic spin fluctuations.10 For
both compounds, a decrease of the spin susceptibilityxspin in
the same temperature range,11,12 together with a distinct peak
in the temperature derivative of the electrical resistivi
dR/dT,13–15 has been interpreted as a reduction of the d
sity of states at the Fermi level, i.e., the opening of
pseudogap.16,17,7The softening of ultrasound modes exhib
ing pronounced minima at 38 K and 46 K fork-H8-Br and
k-Cu(NCS)2, respectively, was attributed to the sam
effect.18

Besides these anomalies around 50 K, unusual time
pendences in magnetic and transport properties have
reported for both deuterated and hydrogenatedk-Br near 80
K.19–22 For k-H8-Br, the superconducting properties ha
been found to depend on the thermal history, in particular
how fast the sample had been cooled through 77 K. As m
tioned above, the ground state ofk-D8-Br is strongly sample
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dependent: both superconducting and nonsuperconduc
crystals are found. Furthermore, superconducting as we
insulating ~possibly antiferromagnetic! phases in separate
volume parts of thesamesample have been reported. The
relative volume fraction was found to depend on the cool
rate qc employed at around 80 K:19,23 in quenched-cooled
crystals (qc;2100 K/min), a strong decrease of the di
magnetic signal has been observed, which has been i
preted as indicating a suppression of the superconductin
favor of the magnetic phase.

Concerning both the pairing mechanism and the symm
try of the superconducting order parameter, the experime
situation is still unsettled: a number of recent experime
provide strong arguments for an isotropic gap structure
indicate the particular role of lattice degrees of freedom
the pairing interaction.24–26 This conflicts sharply with the
results of other experiments, notably NMR measureme
performed in finite magnetic fields,27–29 which reveal low-
energy excitations indicative of an anisotropic pairing st
with nodes in the gap. For a review on the controversy on
superconducting state, see, for example, Refs. 4 and 30
connection with the above controversy on the state be
Tc , questions arise about the origin of the anomalous pr
erties atT.Tc and their interrelation to the superconductin
state. In addition, one may ask to what extent a compari
can be drawn to the high-Tc cuprates and—an obvious con
cern for the present molecular systems—what the role
lattice degrees of freedom is for the above-mention
anomalies.

A most sensitive tool, to probe the lattice properties a
their coupling to the electronic degrees of freedom, is p
vided by measurements of the linear thermal expansion
efficienta(T)5] ln l(T)/]T, wherel (T) is the sample length
To this end we have initiated a systematic thermal expans
study on the title compounds covering a wide temperat
range. These studies supplement recent thermal expan
investigations aiming at a determination of the uniaxi
pressure coefficient ofTc , ]Tc /]pi , for various (ET)2X
compounds.31,32

II. EXPERIMENT

The coefficient of thermal expansion has been measu
utilizing a high-resolution capacitance dilatometer33 with a
maximum sensitivity corresponding toD l / l 510210. Length
changesD l (T)5 l (T)2 l (T0), whereT0 is the base tempera
ture, were detected upon both heating and cooling
sample. The coefficient of thermal expansion

a~T!5
1

l ~T!

] l ~T!

]T

is approximated by the differential quotient

a~T!'
D l ~T2!2D l ~T1!

l ~300 K!• ~T22T1!
,

with T5(T11T2)/2.
The single crystals used were synthesized by the stan

electrocrystallization technique with typical dimensions
1-2
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FIG. 1. Linear thermal expan
sion coefficient perpendicular to
the planes,a' , vs T for various
saltsk-(ET)2X. ~a! Nonsupercon-
ductingk-Cl andk-D8-Br, ~b! su-
perconducting k-H8-Br and
k-Cu(NCS)2. For clarity, different
scales have been used along t
ordinates. The inset shows detai
of a' for X5Cu@N(CN)2#Cl as
a' /T vs T. Arrows indicate dif-
ferent kinds of anomalies as ex
plained in the text.
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~0.5–1.5! mm perpendicular to the highly conducting plan
and ~0.5–2.5! mm along both in-plane axes. In the prese
work ten crystals have been studied: onek-Cl sample (TN
527.8 K), four crystals ofk-Br, and five ofk-Cu(NCS)2
including samples with various isotope substitutions. Due
the particular shape of thek-Cl andk-Br crystals used,34 it
was not possible to measurea(T) along all three principal
axes on thesamesample. Fork-H8-Br measurements per
pendicular to the planes (b axis! and along one not specifie
in-plane axis were performed on crystal No. 2 (Tc
511.8 K), while measurements along the in-planea and c
axes were performed on crystal No. 3 (Tc511.5 K). The
excellent quality of both crystals is reflected by both the h
transition temperatures and relatively small transition wid
of DTc5500 mK, as determined by a thermodynamic me
surement as well as the pronounced anisotropy in
uniaxial thermal expansion coefficients. To check for rep
ducibility, we measured another crystal ofk-H8-Br, No. 1,
along the out-of-plane axis, and found~besides a slightly
lower Tc value of 11.5 K! almost identical expansivity be
havior to that for crystal No. 2 in the whole temperatu
range investigated, i.e., up to 200 K. Crystals No. 1 a
No. 2 have also been used in our previous study on
uniaxial-pressure coefficients ofTc .32 For a deuterated crys
tal, k-D8-Br, which was measured along theb axis, no su-
perconducting phase-transition anomaly was found. Reg
ing the above-mentioned cooling-rate dependence of
ground state, we note that for all samples investigated
changes of thelow-temperatureexpansivity behavior were
observed within the parameters accessible with our exp
mental setup, allowing cooling ratesqc ranging from
21 K/h up to2300 K/h. Fork-Cu(NCS)2, measurements
along the out-of-planea* axis were performed on two
crystals of the pure compound (Tc59.2 K) and three crys-
tals with isotope substitutions either on the ET or anion si
In each case, a pronounced and relatively sharp ph
transition anomaly was found atTc . For comparison, we
studied deuteratedk-(D8-ET)2Cu(NCS)2 (Tc59.95 K),
14452
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anion-labeled k-(ET)2Cu(15N13CS)2 (Tc59.3 K), and
k-(D8

13C4
34S8-ET)2Cu(NCS)2 (Tc59.8 K) where eight sul-

fur atoms of the ET molecule have been labeled with34S, the
four ethylene carbon atoms with13C, and the eight hydrogen
atoms with deuterium. As pointed out in Ref. 24, the lat
compound shows a ‘‘normal’’ BCS-like mass isotope effe
on Tc for the 13C34S substitution and an ‘‘inverse’’ isotop
effect upon replacing the hydrogen atoms of the ethylene
groups by deuterium; no isotope effect onTc is observed for
the anion-labeled salt.35 In the present paper we refrain from
comparing superconducting properties for the afo
mentionedk-Cu(NCS)2 samples containing isotope substit
tions, but have tended to focus on the effect of isotope s
stitution on the expansivity anomalies at intermedia
temperatures~B!. For the deuterated sample, the in-planeb-
and c-axis thermal expansion coefficients have also be
measured. This crystal of excellent quality is identical to th
studied in Ref. 31. For the determination ofTc andTN , we
use the standard ‘‘equal-areas’’ construction in a plota(T)/T
vs T. A small misalignment of the crystal orientation of abo
65° from the exact alignment cannot be excluded.

III. CLASSIFICATION OF THERMAL EXPANSION
ANOMALIES

Figure 1 shows the thermal expansion coefficient m
sured perpendicular to the highly conducting planes,a' , for
k-(ET)2X with X5Cu@N(CN)2#Cl, X5Cu@N(CN)2#Br,
andX5Cu(NCS)2 over an extended temperature range. F
ure 1~a! comparesa'(T) of the nonsuperconducting sal
k-Cl andk-D8-Br. In Fig. 1~b! we show the expansivity dat
of superconductingk-H8-Br andk-Cu(NCS)2. Note the dif-
ferent scales of the ordinate for each case. For the var
compounds, a number of anomalies is observed for temp
turesT<80 K as indicated by the arrows. As will be dis
cussed in more detail below, three different kinds of anom
lies can be distinguished that correspond to differ
temperature ranges.
1-3
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At temperatures around 70–80 K~C!, large steplike
anomalies are found fork-Cl and both kinds ofk-Br salts.
Their characteristic temperatures are labeled asTg . For
k-Cu(NCS)2, a smaller but distinct anomaly at 70 K and
second one at around 53 K can be observed. As will
shown below, these anomalies are of the same ori
namely, due to a kinetic, glasslike transition where, bel
Tg , a certain disorder in the positional degrees of freedom
the @(CH2)2# end groups of the ET molecules becomes f
zen in.

In the intermediate temperature range around 40–5
~B! both superconducting compounds exhibit a pronoun
local maximum ina(T) at a temperature labeled asT* , Fig.
1~b!, while the features are absent in both nonsupercond
ing salts; see Fig. 1~a!. While the overall expansivities o
k-Cl andk-Br show the usual increase ina asT increases,
for k-Cu(NCS)2 an anomalous temperature dependence
revealed for temperaturesT.T* ; i.e., a'(T) decreases with
increasing temperature. AboveT'120 K, it even becomes
negative, corresponding to a progressive reduction of the
terlayer distance upon warming. Then, atT'175 K, a'(T)
passes through a broad minimum and becomes positive a
above 220 K~not shown!. The latter findings have bee
pointed out already in a previous thermal expansion stud36

At low temperatures, i.e., in the temperature range~A!,
the thermal expansion behavior is dominated by the ph
transition anomalies characterizing the respective gro
state of the system: the ambient-pressure supercondu
k- H8-Br and k-Cu(NCS)2 show pronounced negativ
second-order phase-transition anomalies ina'(T) at Tc
511.8 K and 9.3 K, respectively.

The inset of Fig. 1~a! gives details of a'(T) for
k-(ET)2Cu@N(CN)2#Cl in a representationa/T vs T. A dis-
tinct negative jump reminiscent of a second-order phase t
sition can be resolved at 27.8 K. This is about the sa
temperature at which1H-NMR and magnetization measure
ments revealed the onset of 3D antiferromagnetic orde37

Our data thus provide, in a thermodynamic quantity beyo
magnetization, clear evidence for a second-order phase
sition in k-(ET)2Cu@N(CN)2#Cl at TN .

After analyzing the glassy anomalies at higher tempe
tures~C! in Sec. IV we will focus on the expansivity prop
erties in the low-~A! and intermediate-temperature range~B!
in Secs. V and VI. A conclusion is given in Sec. VII.

IV. GLASSLIKE TRANSITION

In positionally and/or orientationally disordered system
relaxation processes can lead to glasslike transitions wh
below a certain temperatureTg , a short-range order charac
teristic for this temperature is frozen in. These relaxat
phenomena are not limited to ‘‘classical’’ glass-forming m
terials like undercooled liquids: the corresponding orien
tional degrees of freedom can lead to glasslike transiti
also in polymeric or crystalline materials with large organ
molecules38 such as, e.g., single-crystalline C60.39 Such tran-
sitions occur when the~structural! relaxation time of the rel-
evant molecular movements, which is growing exponentia
14452
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with decreasing temperature, exceeds the characteristic
scale of the experiment. Then the system cannot reach
equilibrium state before the temperature further decrea
As a result, the relevant degrees of freedom cannot be t
mally excited and, thus, no longer contribute to quantit
such as the specific heat:Cglass(T)50 for T,Tg and
Cglass(T).0 for T.Tg with Cglass representing the addi
tional contribution to the heat capacity. As the volume th
mal expansion coefficientb(T)5( ia i(T), with i 5a,b,c, is
related to the specific heat via the Gru¨neisen relation

b~T!5G
kT

Vmol
CV~T!, ~1!

where kT denotes the isothermal compressibility,Vmol the
molar volume, andG a generalized Gru¨neisen parameter
both methods are very well suited for studying glassy p
nomena. In particular, the thermal expansion coefficien
extremely sensitive to structural rearrangements and all
for studying the anisotropy of the glassy effects. Glassl
transitions can be identified by the following characteristi
~i! a steplike increase ofCV andb upon heating throughTg ,
~ii ! the occurrence of hysteresis aroundTg , and ~iii ! a
cooling-rate-dependentTg value.40

In a recent ac-calorimetry study of thek-Br and k-Cl
salts, glass transitions have been reported for b
compounds.41,42 The authors observed steplike anomalies
the heat capacity around 100 K, which were attributed t
freezing-out of the intramolecular motion of the ethylene e
groups of the ET molecules. It was claimed that an extra
lation of the frequency-dependent glass-transition temp
tures to frequencies corresponding to the ‘‘time scale of
daily life’’ ( ;103 s) would give aTg value of about 80 K.
At about the same temperature, Kundet al. reported an
anomalous thermal expansion behavior of thek-Br andk-Cl
salts:43,44 these authors found abrupt changes ofa i(T) at 80
K and 73 K, respectively, which they attributed to secon
order phase transitions. An explanation was given in term
an order-disorder phase transition of the terminal ethylen
The high-resolution thermal expansion results presented
provide convincing evidence for a glasslike transition in t
k-Br and k-Cl salts. This confirms, on the one hand, t
above-mentioned specific heat results41,42 and clarifies, on
the other, the nature of the thermal expansion anomalies
viously reported by Kundet al.43,44 In addition we disclose a
glasslike transition also fork-(ET)2Cu(NCS)2.

A. Phenomena and analysis

Figure 2 shows on expanded scales the anomalie
a'(T) in the temperature range~C! for the k-Cl, k-H8-Br,
andk-Cu(NCS)2 salts. A distinct hysteresis is seen betwe
the heating~solid symbols! and cooling curves~open sym-
bols!. In the heating curves, the former two salts reveal p
nounced jumplike anomalies atTg'70 K (k-Cl) and 75 K
(k-Br) with characteristic under- and overshoots at the lo
and high-temperature sides of thea(T) discontinuity, respec-
tively. While the heating and cooling data coincide furth
outside the transition region, they differ markedly close
1-4
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FIG. 2. Coefficient of thermal ex-
pansion perpendicular to the planes,a' , vs
T close to the glasslike transition fo
k-(ET)2X with X5Cu@N(CN)2#Cl ~a!,
Cu@N(CN)2#Br ~b!, and Cu(NCS)2 ~c!. Solid and
open symbols denote heating and cooling curv
respectively.
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Tg : upon cooling no under- and overshoot behavior can
observed and thea'(T) curves are reminiscent of broaden
second-order phase-transition anomalies. Such a hyste
behavior is not expected for thermodynamic phase tra
tions but, as mentioned above, it is characteristic of glass
transitions, where instead of a well-defined transition te
perature, one meets a ‘‘glass-transformation tempera
interval.’’40,45 In contrast to the isostructuralk-Cl andk-Br
salts where a single anomaly occurs, the heating curve
thek-Cu(NCS)2 compound shows a sequence of two som
what smaller steplike anomalies at around 70 K and 53 K;
Fig. 2~c!. The hysteretic behavior indicates that both featu
are glassy in nature, with the transition region extending o
a wide range from about 48 K up to 73 K.

We note that, besides the actual value ofTg , which will
be discussed below, the details of the heating curves, e
cially the characteristics of the under- and overshoot beh
ior, also depend on the thermal history: for all three syste
the overshoot on reheating was found to be more pronoun
when the heating rateuqhu was larger than the precedin
cooling rateuqcu. On the other hand, ifuqhu,uqcu, there was
relatively little overshoot aboveTg but undershoot forT
,Tg . This is precisely what one expects for ‘‘classica
glass-forming systems.40

The question at hand is which molecular motions are
volved in the relaxation process, i.e., what kind of structu
degrees of freedom are frozen at low temperatures. To
end it is helpful to evaluate the activation barrier for t
relevant relaxation process from the cooling-rate (qc) depen-
dence ofTg .45

1. k-„ET…2Cu†N„CN…2‡Br and k-„ET…2Cu†N„CN…2‡Cl

Figure 3 shows the linear thermal expansion coeffici
a(T) measured along one nonspecified in-plane axis of
k-Br salt at different cooling ratesqc . The inset on the left
side illustrates the hysteretic behavior aroundTg . For the
transition temperatureTg(qc), we use the midpoints of the
somewhat broadened steplike anomalies in the respe
cooling curves. The figure clearly shows that the transit
shifts to higher temperatures with increasing cooling r
uqcu, whereas the shape of the curves remains unchan
This behavior is well understood for a glass transition: co
ing or heating at a continuous rateq5dT/dt may be thought
14452
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of as a sequence of differential temperature stepsDT inter-
rupted by intervals of durationDt5DT/q at which T
5const. The system remains in equilibrium as long asDt is
much longer than the relaxation timet which, for structural
rearrangement processes in solids, is known to grow ex
nentially upon lowering the temperature.40 At high tempera-
tures,t is small and, thus,t!Dt. As soon ast'Dt upon
cooling, the relaxation of one step is not completed bef
the temperature further decreases. The greater the coo
rate, the less time remains for relaxation; since, upon incre
ing uqcu, Dt;1/uqcu becomes smaller, the transition define
by t'Dt occurs at higher temperatures.40 The inset on the
right side of Fig. 3 shows an Arrhenius plot of the inverse
the so-derived glass-transition temperaturesTg

21 vs uqcu. The
data nicely follow a linear behavior as expected for a th
mally activated relaxation time45,46

t~T!5n0
21eEa /kBT, ~2!

where Ea denotes the activation energy barrier andkB the
Boltzmann constant. The prefactor represents an attempt
quencyn0.

FIG. 3. Linear thermal expansion coefficient,a, vs T measured
along one nonspecified in-plane axis ofk-(ET)2Cu@N(CN)2#Br in
the vicinity of the glass transition for varying cooling ratesqc . The
definition of the glass-transition temperatureTg is given in the text.
Insets: hysteresis between heating and cooling curves arounTg

~left side! and Arrhenius plot ofTg
21 vs uqcu andt ~right side!.
1-5
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Based on a simple two-state model,47 Nagel et al. have
quantified the above-sketched idea of relating the coo
rate with the relaxation time.46 They derived a criterion for
the glass-transition temperature that allows for a determ
tion of n0 andt:

t~Tg!5
Tg

uqcu
kBTg

Ea
.

In a first approximation we sett(Tg);1/uqcu, yielding
lnuqcu52Ea/(kBTg)1const. This is in excellent agreeme
with the observed cooling-rate dependence ofTg ; cf. right
inset of Fig. 3. A linear fit to the data of Fig. 3 yieldsEa
5(32006300) K andn0553101561.5 Hz.

As mentioned above, there are positional and orientatio
degrees of freedom for the@(CH2)2# end groups which rep
resent the most deformable parts of the ET molecules.48 The
characteristic activation energy of the@(CH2)2# conforma-
tional motion was determined asEa52650 K by 1H-NMR
measurements.17 This value has to be compared to 2400 K
estimated from resistivity and ac-calorimetric measu
ments,49,42(20006500) K from resistivity measurements o
structural relaxation kinetics,50 and 2600 K also from
resistivity-relaxation measurements.21 The similar size of the
activation energy derived here, compared to the above n
bers, suggests that the@(CH2)2# end groups are the relevan
entities for the relaxation process observed in the ther
expansion. A direct check for this possibility is provided
measuring the mass-isotope effect onTg . For a deuterated
k-Br salt due to the higher mass of its@(CD2)2# units, a shift
of Tg is expected: fork-D8-Br the relaxation timet of the
terminal (CD2)2 groups at a given temperature should e
ceed that for thek-H8-Br compound at the same temper
ture. Using the above criterion forTg , a longer relaxation
time means that for a given cooling rate the system falls
of equilibrium at higher temperatures. Figure 4 compa
a'(T) for the hydrogenated compound,k-H8-Br ~open sym-
bols!, with that for the deuterated one,k-D8-Br ~solid sym-
bols!. For both compounds, two heating curves are sho
taken after slow and fast cooling history (qc

slow'225 K/h
andqc

fast'2150 K/h). The figure clearly demonstrates th
the Tg values for the deuteratedk-Br salt are shifted by
about 3 K to higher temperatures compared to that
k-H8-Br. To check for reproducibility, we measured a seco
sample of the hydrogenated salt from a different batch.
found that under similar conditions, theTg value was repro-
duced within about 250 mK. If one simply assumes that
ratio of the relaxation times for the terminal@(CD2)2# and
@(CH2)2# units scale with the square root of their mass
tios, one would expect a positive shift ofTg of 3.4% upon
1H→2D substitution~here we consider the activation barri
Ea to be identical for both isotopes!. Thus the observation o
a 1H-2D isotope effect onTg(qc) of about 4% provides clea
evidence for a relaxation of the ethylene moieties as the
gin of the observed glassy phenomena.

Directional-dependent measurements reveal a strongly
isotropic lattice response atTg ~not shown! with contribu-
tions a i

glass(Tg)5a i(T→Tg
1)2a i(T→Tg

2) of ab
glass5120

31026 K21, aa
glass525231026 K21, and ac

glass5122
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31026 K21. The resulting glass contribution to the volum
expansivity aboveTg , bglass(T)5( ia i

glass(T), caused by the
excitation of the motional@(CH2)2# degrees of freedom is
thermodynamically related to the pressure dependence o
entropy associated with the ordering of the ethylene e
groups:

]Sethy

]pi
U

T

52Vmola i
glass~T!. ~3!

Early x-ray diffraction studies revealed that the terminal e
ylene groups for thek-Br andk-Cl salts are disordered with
the tendency towards the eclipsed orientation at ro
temperature51 but ordered—within the experimenta
resolution—in the eclipsed conformation at 127 K,2 which
was confirmed to be the case also at 20 K.52 A complete
ordering at temperatures above 127 K would be in contra
tion to a glasslike freezing below 80 K. However, these x-r
diffraction measurements gave only an average structure,
disorder at the 10%–20% level could not be resolved.53 Our
results and those of the specific heat studies41,42 imply that
the ordering process of the@(CH2)2# units which starts at
room temperature is not completed atTg leaving a consider-
able degree of disorder that becomes frozen belowTg . Com-
bining the discontinuities in the linear thermal expansion
efficients at Tg , we find bglass521031026 K21 and
]Sethy/]phydr5( i]Sethy/]pi510.5 J/(mol K kbar), i.e., a
reduction of the degree of ethylene order upon the appl
tion of hydrostatic pressure. In a simple two-level model,
difference in the molar entropy between the totally orde
and totally disordered ethylene conformations amounts
Sethy

max5NkB ln 252R ln 2511.53 J/(mol K) whereN52NA

denotes the number of relevant ethylene moieties per m
Given that about 10%–20% of the ethylenes are still dis
dered atTg , i.e., that the major part ofSethy

max has already been

FIG. 4. Coefficient of thermal expansion perpendicular to
planes,a' , vs T of hydrogenated~open symbols! and deuterated
~solid symbols! k-(ET)2Cu@N(CN)2#Br. Data were taken upon
heating after cooling the crystals with two different ratesqc

slow and
qc

fast ~see text! which results in a lower and upper value ofTg for the
slow and fast cooling history, respectively, in each case, as indic
by the arrows.
1-6
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released at higher temperatures, the above estimated val
]Sethy/]phydr underlines the extraordinary large pressure a
volume dependence of the ethylene-ordering effects ink-Br.

In order to estimate the activation energyEa for the k-Cl
salt, the cooling-rate dependence ofTg was measured in the
same way as described above for thek-Br salt. Again,Tg

21

follows well a linear lnuqcu dependence in the Arrhenius plo
yielding Ea5(26506300) K andn0523101361.5 Hz. The
value forEa agrees well with those reported in the literatu
(26006100) K from 1H-NMR ~Ref. 37! and 2700 K from
ac-calorimetry.42 The value found for the discontinuity of th
volume expansion coefficient atTg is Db'23.25
31026 K21.54 Using Vmol5496.66 cm3, we find
]Sethy/]phydr510.16 J/(mol K kbar), a value which is sig
nificantly smaller than that found fork-Br. The correspond-
ingly smaller pressure and volume effects on the@(CH2)2#
disorder may be due to the fact that the short C-H••• H and
C-H ••• anion contacts are stronger strained for thek-Cl salt
which corresponds to a harder lattice.2

2. k-„ET…2Cu„NCS…2

The shape of the glasslike transition for the monocli
k-Cu(NCS)2 salt differs substantially from that of the ortho
rhombick-Br andk-Cl salts. Although these compounds a
similar in sharing polymeric, ribbonlike anion chains, t
donor molecules of thek-Br andk-Cl compounds lean along
the anion chain while they are perpendicular to the an
chains for thek-Cu(NCS)2 salt. This results in a differen
network of short C-H••• donor and C-H••• anion contacts
which supports an ethylene–end-group ordering in the s
gered instead of the eclipsed conformation.55 Figure 2~c!
clearly shows that ink-Cu(NCS)2, two closely spaced glass
like transitions occur with small but distinct anomali
aroundTg1

570 K and Tg2
553 K, indicating that, in this

case, a simple two-state model is not adequate. Rath
appears that the transition occurs in two steps character
by different activation energiesEa. Due to the fact that the
cooling-curve anomalies can hardly be distinguished fr
the unknown background expansivity, our data do not all
for a reliable determination ofTg(qc) and thusEa. Although
the freezing-in process seems to be more complicated
occurs in two steps, it is likely that also fork-Cu(NCS)2 the
ethylene end groups of the donor molecules are the rele
relaxation units.

B. Discussion

The size ofTg suggests that the energy differenceES
between the eclipsed and staggered conformation is q
small, i.e., of the order of 100 K. BothES and the energy
barrierEa depend on the details of the crystal structure, i
how the ethylene groups interact with the anion and nei
boring ET molecules, and also on how the charge is dist
uted on the ET molecule because of the electrostatic inte
tion between the positive protons and the electronega
anions.

The transfer integralsteff between adjacent ET molecule
determining the electronic structure depend strongly on
intermolecular distance. Thus, changes in the lattice par
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eters due to the above-identified glasslike transition m
cause anomalies in physical quantities which depend on
transfer integrals such as, e.g., transport properties. Inde
pronounced kink in the resistivity at 75 K accompanied
hysteresis between heating and cooling has been reporte
the k-H8-Br salt.56 According to oura(T) data, hysteretic
behavior in the resistivity atTg might also be expected fo
the k-Cl as well as thek-Cu(NCS)2 salt. Because of the
small number of carriers for thek-Cl and the weak effect in
a(T) for thek-Cu(NCS)2 salt, the response in the resistivit
is probably very weak and has not been seen yet.

Besides the kink structure in the resistivity, the H8 and D8

salts of k-Br show interesting time dependences affecti
both the electronic properties at temperatures belowT‡

'(75–80) K and the actual ground-state properties. For
perconductingk-Br, Su et al. reported relaxation effects in
R(T) and a separation of the curves below 80 K as a funct
of the cooling rateqc .20,21The way of cooling through 80 K
was found to influence the low-temperature properties s
that Tc decreases on increasinguqcu. These phenomena hav
been ascribed to a structural transformation leading to lat
disorder. We note that the quenching rates which were fo
to influenceTc in those studies (uqcu>600 K/h) are much
higher than the cooling rates employed in our experiments
sequence of first-order phase transitions around 75 K du
ethylene–end-group ordering was claimed based on re
tance measurements of structural relaxation kinetics.50 Mag-
netization measurements revealed that a growing amoun
disorder with increasing values ofuqcu leads to larger pen-
etration depths and lower superconducting transit
temperatures.57 Besides these cooling-rate-dependent effe
on Tc for k-H8-Br, it has been reported that rapid coolin
throughT‡&80 K drives the superconducting ground sta
of the deuterated saltk-D8-Br into an insulating antiferro-
magnetic state.19,23

The above temperatureT‡, below which time depen-
dences affecting the ground-state properties become im
tant, coincides with the glass-transition temperatureTg deter-
mined from oura(T) measurements. This suggests that
cooling-rate-dependent metal-insulator transition ink-D8-Br
and the shift ofTc in k-H8-Br are related to the above relax
ation phenomena.

As the motional degrees of freedom of the@(CH2)2# units
become frozen in belowTg a direct interaction, i.e., a scat
tering of the charge carriers off that motion is not expect
Rather atTg , the freezing-in process introduces, via the C
••• donor and C-H••• anion contact interactions, arandom
potential that may influence the effective transfer integra
teff . In fact, the comparison of two recent specific heat e
periments onk-Br give strong indications for cooling-rat
dependent disorder: Nakazawa and Kanoda used the spe
heat data of a rapidly cooled deuterated crystal~which is
insulating! to determine the lattice specific heat for thek-Br
salt.58 The so-derived lattice contribution was found to diff
substantially from the one observed in slowly cooled~super-
conducting! k-H8-Br.26

It is obvious that the random potential induced by lar
cooling rates is unfavorable for superconductivity and m
1-7
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thus account for the cooling-rate-dependent superconduc
properties in the present materials.2

V. ANTIFERROMAGNETIC TRANSITION IN INSULATING
k-„ET…2Cu†N„CN…2‡Cl

Although being isostructural to the superconductingk-Br
salt, the small modification of the anion composition ofk-Cl
leads to subtle changes of the donor arrangement and t
insulating low-temperature state. Early magnetic meas
ments revealed the onset of a shallow decrease in the m
netization upon cooling to below 45 K, which was regard
as a signature of antiferromagnetic ordering.59 In addition,
these studies revealed indications for a weakly ferromagn
state with a small saturation moment of
31024 mB /dimer below 22 K. Subsequently, the spin stru
ture has been studied by1H-NMR measurements,37 yielding
a commensurate antiferromagnetic order atTN527 K with a
moment of (0.4–1.0)mB /dimer. From these measuremen
the authors inferred that the easy axis of the ordered
ments is perpendicular to the layers and that a small can
of the spins below 23 K gives rise to a ferromagnetic m
ment parallel to the layers.

Figure 1~a! clearly demonstrates thata'(T) of k-Cl ex-
hibits another distinct feature besides the glasslike transit
a negative second-order phase-transition anomaly slig
below 28 K. As the anomaly ina'(T) occurs at the same
temperature below which1H-NMR measurements reveale
the onset of magnetic order, we regard thea'(T) jump as
the bulk signature of the antiferromagnetic transition.

Three different proposals have been made for the origin
the magnetic moments and the character of the magn
state in k-Cl: ~i! lattice disorder due to conformationa
ethylene-end group disarrangements60—here the localization
of electron states with incomplete compensation of th
spins is believed to cause an inhomogeneous, frozen-in m
netic state at low temperatures;~ii ! nesting properties of the
Fermi surface giving rise to itinerant, spin-density-wa
~SDW! magnetism;17,61and~iii ! a Mott-Hubbard-type metal
insulator transition leading to a magnetic state character
by localized spins.37

As our measurements provide clear thermodynamic
dence for a phase transition atTN , the first proposal can be
discarded. To check for proposals~ii ! and ~iii ! it would be
helpful to inspect the anisotropies in thea(T) response atTN
that allows for a determination of the uniaxial-pressure
fects onTN . Within our experimental resolution, there is n
anomaly visible atTN for both in-plane thermal expansio
coefficients, i.e.,Da i.0 ~not shown!.62 According to the
Ehrenfest relation

S ]T!

]pi
D

pi→0

5VmolT
!

Da i

DC
, ~4!

which relates the uniaxial-pressure dependence of a sec
order phase-transition temperatureT! to the discontinuities
in a i , Da i , and those of the specific heat,DC, this corre-
sponds to a vanishingly small in-plane pressure effect onTN .
Taken together, the negative-pressure coefficient ofTN for
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uniaxial stress perpendicular to the planes and the neglig
in-plane-pressure effect imply a negative-pressure effec
TN under hydrostatic-pressure conditions, in agreement w
the experimental observations.

In contrast to the above dilatometric studies, specific h
measurements have failed so far to detect a phase-trans
anomaly.63 Using the jump height for the volume expansivi
Db.Da'52231026 K21 and available literature dat
on the response ofTN to hydrostatic pressure varying be
tween2150 K/kbar ~Ref. 64! and 225 K/kbar ~Ref. 65!,
the Ehrenfest relation allows us to estimate the expected
continuity in the specific heat atTN . We find DCm
'(20–100) mJ/(mol K), which is much below the expe
mental resolution of the specific heat measurements repo
in Ref. 63.

The above findings of a highly anisotropic lattice respon
at TN and, related to this, strongly directional-depende
uniaxial-pressure coefficients provide a crucial test for m
els attempting to describe the nature of the antiferrom
netism ink-Cl. The lack of a visibleC(T) anomaly has been
ascribed to the 2D character of the spin correlations, res
ing in a short-range 2D ordering of the spins well above
3D transition temperature. The magnetic exchange-coup
constant for nearest-neighbor interactions was estimate
Ji;460 K.63 Accordingly, most of the entropy ofR ln 2 is
released at temperatures far aboveTN . Apart from the small
jump in the specific heat which would be compatible with
3D antiferromagnetic ordering among localized spins atTN ,
i.e., proposal~iii !, this model is difficult to reconcile with the
distinct anisotropy in]TN /]pi deduced from our measure
ments. On the one hand, for such a scenario, one wo
expect that in-plane pressure affecting predominantlyJi

should also influence the 3D ordering temperature. This c
trasts with our finding of a vanishingly small]TN /]pi . On
the other hand, from the negative pressure coefficient ofTN
for uniaxial stress perpendicular to the planes we in
]J'/]p',0, J' being the interplane coupling constan
However, a decrease of the interlayer coupling constant u
reducing the interlayer distance cannot be understood reg
ing only nearest-neighbor magnetic couplings in a 3D s
tially anisotropic Heisenberg model. However, for the co
plex crystal structures of the title compounds there
additional, frustrating magnetic couplings.66 Possibly, these
are relevant not only for the in-plane but also for the out-
plane directions. A suppression of the magnetic order u
stress perpendicular to the planes could be understoo
those frustrating interactions were to increase more stron
than the nearest-neighbor couplings. For in-plane press
both interactions would have to just cancel out in our ca
An explanation in terms of frustrating magnetic couplin
could account also for the low value of the transition te
peratureTN .

With respect to a SDW scenario, i.e., proposal~ii !, the
following aspects are of relevance: as it is likely that t
nesting vector lies normal to the open sheets of the Fe
surface~FS! with the largest component along thec axis in
the conducting plane, in-plane stress is expected to affec
FS topology and thus the nesting properties. In fact, rec
uniaxial-strain studies of the SDW transition
1-8
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FIG. 5. Linear thermal expansion coefficientsa i(T) for the three principal axes of~a! k-(H8-ET)2Cu@N(CN)2#Br and ~b!
k-(D8-ET)2Cu(NCS)2. The same symbols indicate related symmetry axes for both salts: the interlayer direction, i.e., theb axis for the
former and thea* axis for the latter salt, the in-plane axis along which the polymeric anion chains run, i.e., thea-@k-Br# and c-axis
@k-Cu(NCS)2#, and the second in-plane axis perpendicular to the anion chains, i.e.,c-@k-Br# andb-axis@k-Cu(NCS)2#. The inset in the left
panel shows the volume thermal expansion coefficientb(T) of k-Br. The solid line indicates the interpolated lattice background. The in
in the right panel compares the anomalous additional contributions to the volume expansivity,db, of k-Br andk-Cu(NCS)2 estimated as
explained in the text. Fork-Br ~a! the ab data have been taken on crystal No. 2 while crystal No. 3 was used foraa andac .
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a-(ET)2KHg(SCN)4 revealed that uniaxial pressure alon
both in-plane axes alter the nesting properties and, ther
cause a strong suppression ofTSDW.67 Thus, the absence o
any in-plane pressure effect on the antiferromagnetic ph
transition in k-Cl appears to be in conflict with a simpl
spin-density-wave~SDW! scenario. Nevertheless, the fa
that uniaxial pressure along the out-of-plane direction s
pressesTN ~and subsequently induces superconductiv!
would be compatible with a SDW scenario. Uniaxial stre
perpendicular to the planes is expected to increase
warping of the cylindrical FS which in turn reduces th
nesting properties, thereby allowing superconductiv
to form. In fact, such a behavior is observed f
a-(ET)2KHg(SCN)4.68,67

Our results indicate that none of the above proposal
suited to describe the magnetic state ink-Cl satisfactorily.
However, certain elements of both models—i.e., of a mag
tism of localized moments as found for the high-Tc cuprates
and of an itinerant, nesting-driven magnetism as in the Be
gaard salts—seem to apply fork-Cl. This suggests a mor
complicated magnetic behavior than has been supposed
now.

VI. INSTABILITIES IN SUPERCONDUCTING
k-„ ET…2Cu†N„CN…2‡Br AND k-„ET…2Cu„NCS…2

A. Uniaxial-pressure coefficients ofTc

Figure 5 shows the linear thermal expansion coefficie
a i(T) for T<60 K of ~a! k-Br and ~b! k-Cu(NCS)2. For
both compounds the lattice response atTc is strongly
anisotropic. In a comparative thermal expansion study a
ing at a determination of the uniaxial-pressure coefficients
14452
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Tc we found that the latter system exhibits a striking
similar anisotropy of ]Tc /]pi as the compound
b9-(ET)2SF5CH2CF2SO3, namely, either a positive or van
ishingly small pressure coefficient for uniaxial pressu
along both in-plane axes, but a huge negative interplane
efficient ]Tc /]p' .31 Pronounced negative cross-plane pre
sure effects]Tc /]p',0 were found also for thek-(ET)2X
salts with X5I3 and Cu@N(CN)2#Br.32 The results for the
latter salt are in conflict with those reported by Kundet al.,69

where a vanishingly small cross-plane pressure coefficien
(060.2) K/kbar was claimed. Here we present hig
resolution measurements of the linear expansivities for
three principal axes for thek-Br salt which clearly reveal
negative discontinuities atTc along all three axes:Dab5
2(2.160.3)31026 K21 ~out-of-plane! and for the in-plane
a and c axesDaa52(1.9360.3)31026 K21 and Dac5
2(0.260.08)31026 K21, respectively. The values for th
in-plane discontinuities agree well with those reported in
previous thermal expansion study by Kundet al. In order to
rule out sample dependences, we studied a second cr
from a different batch and found almost identical behavio32

Using the Ehrenfest relation, Eq.~4!, and the jump height
DC reported in literature70 we find for the uniaxial-pressure
coefficients ofTc for the k-Br system]Tc /]pb52(1.26
60.25) K/kbar ~out-of-plane! and for the in-plane coeffi-
cients ]Tc /]pa52(1.1660.2) K/kbar and ]Tc /]pc5
2(0.1260.05) K/kbar. For the hydrostatic-pressure coe
cient we get ]Tc /]phydr5( i(]Tc /]pi)52(2.58
60.5) K/kbar,71 in excellent agreement with the value
found in hydrostatic-pressure experiments, i.e.,2(2.4
22.8) K/kbar.72,13We stress that these uniaxial-pressure
sults for the various (ET)2X superconductorsdo notyield a
1-9
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J. MÜLLER et al. PHYSICAL REVIEW B 65 144521
uniform behavior as for the intralayer pressure effects onTc .
In particular, the results onk-Cu(NCS)2 show that in-plane
pressure can even cause an increase ofTc .31 Note that this is
in contrast to what is assumed in the 2D electronic mod8

and demonstrates that an attempt to model these system
solely considering in-plane electronic degrees of freedom
not appropriate.

However, a large negativeinterlayer pressure coefficien
of Tc that predominates the hydrostatic pressure effec
common to allk-(ET)2X salts investigated so far. As w
discussed in Refs. 31 and 32 the sensitivity ofTc to changes
of the cross-plane lattice parameter can arise from pres
induced changes of both the interlayer interaction, i.e.,
strength of the 3D coupling and/or the vibrational propert
of the lattice.

B. Phase-transition anomalies aboveTc

1. Phenomena and analysis

Besides the discontinuities associated with the superc
ducting instability in temperature region~A!, the linear ther-
mal expansion coefficients of both compounds show unu
expansivity behavior in the range 30–50 K~B!. For k-H8-Br
@cf. Fig. 5~a!#, we find anomalous expansivity contribution
da i , i.e., a pronounced local maximum and a shoul
around 37.5 K for the in-planea andc axes, respectively, an
a maximum at 41.5 K for the out-of-planeb axis. The slight
differences in the characteristic temperatures of these ano
lies are most likely an artifact due to the unknown bac
ground expansivities, which makes a separation ofda i dif-
ficult. As will be shown below, the correspondin
contribution to the volume expansivity,db, can be estimated
in a more reliable way allowing for a determination of th
characteristic temperatureT* . We note that fork-Br these
anomalous contributions atT* , da i(T* ), are positive along
all three axes whereas the discontinuities atTc , Da i(Tc), are
all negative. Furthermore, we find the smallest effect forac
where also the lattice response atTc is smallest. The inset o
Fig. 5~a! shows the volume thermal expansion coefficie
b(T)5( ia i(T) of k-H8-Br together with a smooth interpo
lation from temperatures below and above the range
anomalous expansivity behavior. This procedure allows fo
rough estimate of the anomalous contributiondb(T).

At slightly higher temperatures, anomalous expansiv
behavior is found also for thek-Cu(NCS)2 salt; see Fig.
5~b!. Here, the background expansivity along the out-
plane directiona* is rather difficult to estimate due to bot
the nearness of the glasslike anomaly around 53 K and
unusual overall temperature dependence of thea* lattice pa-
rameter. Yet a determination of the sign and the approxim
size of the anomalies for each axis is still possible: there
almost no anomalous contribution visible forab but a dis-
tinct negative anomaly forac ; cf. the dotted line represent
ing the approximate background contribution. The largest
fect, i.e., a sharp maximum atT* 545 K, is found foraa* .
Again, as for k-H8-Br, the signs of these anomalies a
strictly anticorrelated with those of the discontinuities atTc :
there is almost no anomaly inab both aroundT* and atTc ;
a positive jump inac at Tc is accompanied by a negativ
14452
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contribution atT* and the large negativeDaa* at Tc com-
plies with the large positive peak structure atT* . These re-
sults imply that for both compounds, the uniaxial-press
coefficients of the anomaly atT* and those atTc are strictly
anticorrelated in their signs but correlated in their mag
tudes: fork-Cu(NCS)2, for example, uniaxial pressure ap
plied perpendicular to the planes causes a substantial sh
the 45 K anomaly to higher temperatures while at the sa
time it strongly reducesTc . The inset of Fig. 5~b! compares
the corresponding contributions to the volume expansion
efficient for both salts. We find sharp peaks indb at T*
538 K and 45 K fork-H8-Br and k-Cu(NCS)2, respec-
tively, reminiscent of somewhat broadened second-or
phase transitions. We note that the overall shape of
anomaly, i.e., its width and asymmetry, but not the peak
self, depends somewhat on the interpolation procedure
ployed to determine the background expansivity. The er
bars include the uncertainties in the interpolated lattice ba
ground and sample-to-sample variations.

2. Discussion

The above-described anomalies ina(T) at intermediate
temperatures are particularly interesting because magn
transport, and elastic properties exhibit anomalous beha
in the same temperature range. As mentioned in the Introd
tion, the presence of strong antiferromagnetic spin fluct
tions preceding the superconducting transition has been
ferred from measurements of the13C-NMR,10 yielding a
pronounced maximum in (T1T)21 at around 50 K for
k-Cu(NCS)2 and at somewhat lower temperatures for t
k-Br salt. The rapid decrease of (T1T)21 below 50 K has
been ascribed to the opening of a pseudogap in the s
excitation spectrum7,9—an interpretation that was propose
by Kataevet al. based on their analysis of ESR data.16 At
about the same temperature, anomalous behavior has
reported also from various other quantities, such as the
crease of the spin susceptibility studied by Knight-shift a
dc-magnetization measurements,11,12 indicative of a depres-
sion of the density of states at the Fermi level and the re
tivity, showing a pronounced peak in its temperature deri
tive dR/dT.13–15 The coincidence of these features in t
electronic and magnetic properties with thea(T) anomalies
described above suggests a common origin of the var
phenomena. This is corroborated also by the respons
these features to hydrostatic pressure. From the positive
of the anomalous expansivity contributiondb(T) @cf. inset
of Fig. 5~b!#, a shift ofT* to higher temperatures is expecte
under hydrostatic pressure. In fact, a positive hydrosta
pressure coefficient has been found in the magnetic
transport measurements.11,15,13 A similar, positive-pressure
effect has been observed also for the anomalies in the el
constants. At ambient pressure, a pronounced softenin
ultrasonic modes has been detected at 38 K and 46 K
k-Br andk-Cu(NCS)2, respectively.18,73These sound veloc
ity anomalies have been assigned to a magnetic origin du
their phenomenological relation to the NMR results.18 How-
ever, an alternative interpretation in terms of a structu
phase transition could not be excluded.73 Owing to the large
response of the anomaly ina(T), thermal expansion mea
1-10
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surements provide a most sensitive tool to investigate th
effects in detail. In particular, a comparative study cover
various related (ET)2X compounds is helpful to find out th
relevant structural and/or electronic parameters involved.
terestingly enough, corresponding features are absen
b9-(ET)2SF5CH2CF2SO3 (Tc55 K, large discrete
anions!,31 k-(ET)2I3 (Tc53.5 K, linear anions! as well as
a-(ET)2KHg(SCN)4 ~nonsuperconducting; thick, polymeri
anions!,74 showing smooth, Debye-like temperature depe
dences ofa(T) along all crystal axes for temperatures up
200 K. Accordingly, purelyintramolecular changes of the E
molecule can be ruled out to account for theT* anomalies in
the k-Br andk-Cu(NCS)2 salts. Obviously, the peculiaritie
of the packing arrangement and the coupling to the cha
compensating anions, both of which result in a very sim
electronic structure for the latter two salts~but a slightly
different one for the various others!, are crucially important
for the anomalies atT* . An intimate relation to the electroni
structure is in line with the absence of corresponding featu
in both the nonmetallick-Cl as well as in the deuterate
k-D8-Br ~cf. Fig. 1!, and is also corroborated by our suppl
mentary investigations on the isotope effect: For
k-Cu(NCS)2 salt we compareda'(T) of the pure system to
that of crystals with various isotope substitutions. This
cludes not only the deuterated D8 counterpart but also iso
tope substitutions at the anion as well as the cation sites.
the latter, ak-(D8

13C4
34S8-ET)2Cu(NCS)2 crystal yielding a

mass change of 28 amu per ET molecule has been inv
gated. For all isotopically labeled crystals the maximum
a'(T) could be reproduced in detail without any significa
shift in T* . From the absence of a measurable isotope s
cooperative structural changes in the ethylene end group
well as in the anion orintermolecular rearrangements in th
cation system can be ruled out. Hence, we propose tha
anomaly atT* is caused by the electronic structure; i.e., t
Fermi-surface topology, which, according to band struct
calculations, should be similar for thek-Br andk-Cu(NCS)2
salts.55 The presence of strong antiferromagnetic interacti
as seen in the NMR experiments then would hint at a s
density wave although such a state seems to be incompa
with the width of the NMR line.75 We propose that belowT*
some kind of density wave forms which—fo
T,Tc—coexists with superconductivity. The density-wa
state is likely to involve the small, quasi-one-dimension
portions while leaving the major two-dimensional parts
the FS unaffected. The latter is subject to the supercond
ing instability in thek-Br and k-Cu(NCS)2 salts. We sup-
pose that a relative shift of one of these FS portions in fa
of the other can be induced by the application of uniax
pressure: For instance, uniaxial pressure along certain c
tallographic directions may destroy the nesting properties
the quasi-one-dimensional parts, thereby destabilizing
density-wave state and causing a negative-pressure co
cient of T* . As a consequence, the remaining quasi-tw
dimensional parts of the FS will increase. Since this w
reinforce superconductivity, an increase ofTc is expected.
On the other hand, those uniaxial-pressure conditions
improve the nesting properties and, by this, cause an incr
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in T* will result in a reduced remaining FS and, thus, in
drop of Tc . Such an anticorrelation of the uniaxial-pressu
coefficients ofT* andTc is exactly what we have found in
our experiment. Such a scenario implies that cooling throu
T* is accompanied not only by a reduction of the spin s
ceptibility, as has been seen in several of the abo
mentioned experiments, but also by the development o
~weak! magnetic anisotropy. To check for this possibility, w
have initiated a careful study of the spin susceptibility on
various k-(ET)2X salts which, in fact, confirms ou
expectation.76

It remains to be seen whether the disappearance of a
nor part of the Fermi surface would be compatible with t
results of the Fermi-surface studies on these materials.

VII. CONCLUSION

Figure 6 summarizes our results on the variousk-(ET)2X
compounds discussed in the present paper. To this end
use as the abscissa hydrostatic pressure following the
gestion of Ref. 7. The positions of the various salts at am
ent pressure are indicated by the arrows. The solid lines
resenting the phase boundaries from the PM to the SC
AFI states refer to the results of hydrostatic-pressure stu
of Tc and TN .77,72,64 It is important to keep in mind, how-
ever, that the pressure effects are highly anisotropic. In
attempt to find out the relevant directional-depend
material-to-properties correlations, no simple systema
was found for theintraplane pressure coefficients ofTc . On

FIG. 6. Temperature/hydrostatic-pressure phase diagram fo
k-(BEDT-TTF)2X title compounds. Arrows indicate the locatio
of different compounds at ambient pressure. Solid lines repre
the hydrostatic pressure dependences ofTN and Tc taken from
the literature. Circles denotek-(ET)2Cu@N(CN)2#Cl, down and
up triangles denote deuterated and hydrogena
k-(ET)2Cu@N(CN)2#Br, respectively, and squares stand f
k-(ET)2Cu(NCS)2. The superconducting and antiferromagne
transitions are represented by solid and open symbols, respect
Diamonds stand for the glasslike transitions and crosses for
maxima of the anomalous expansivity contributionsdb at interme-
diate temperatures 30–50 K. In the shaded area anomalies in
netic, transport, and elastic properties have been observed~details
are explained in the text!.
1-11
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the other hand, a feature common to all systems stud
among thek-(ET)2X salts is the large negative effect fo
uniaxial stress perpendicular to the planes on bothTc and
TN . In both cases the pronouncedinterlayer effect domi-
nates theTc andTN shifts found under hydrostatic-pressu
conditions. Our results provide clear thermodynamic e
dence for a second-order phase transition atTN527.8 K in
k-Cl.

At elevated temperatures, a glass transition atTg has been
identified that defines the boundary between an ethylene
uid at T.Tg and a glassy state atT,Tg ~dotted line!: at
temperatures aboveTg , the motional degrees of freedom o
the ethylene end groups can be excited and thus contribu
the specific heat and thermal expansion whereas belowTg a
certain disorder is frozen in. The glasslike transition which
structural in nature has been shown to imply time dep
dences in electronic properties. We discussed possible im
cations on the ground-state properties ofk-Br in terms of
frozen-in lattice disorder depending on the cooling rate e
ployed atTg .

At intermediate temperatures, an anomalous expans
contributiondb(T) has been observed atT* for the super-
conducting salts, symbolized in Fig. 6 by crosses. Th
anomalies coincide with various features observed in m
netic, transport, and elastic properties~shaded area!.

We proposed that, instead of a pseudogap on the w
Fermi surface, a real gap associated with a density wave
.
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minor parts forms belowT* . This scenario implies that the
density wave and superconductivity involve disjunct parts
the Fermi surface and compete for stability.

Although electron correlations are important for th
quasi-2D organic superconductors, we have shown tha
phase diagram solely based on electronic degrees of free
is not appropriate. This is supported by recent theoret
investigations of the 2D Hubbard model and its applicat
to thek-Br andk-Cl salts.78 It has been found that onesingle
parameter like the Coulomb repulsionUeff , the effective
transfer integralsteff , or the orthorhombic distortionc/a
cannot govern the physics of the AFI/SC interface. It is
combination of electronic correlations, electron-phonon c
pling, and interlayer effects as well as the influence of latt
disorder which have to be considered in order to underst
more clearly the interesting physics of thek-(ET)2X title
compounds.
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74M. Köppen, M. Lang, and F. Steglich~unpublished!.
75H. Mayaffre, P. Wzietek, and D. Je´rome, Phys. Rev. Lett.75,

3586 ~1995!.
76T. Sasaki, N. Yoneyama, A. Matsuyama, and N. Kobayashi, Ph

Rev. B65, 060505~R! ~2002!.
77J. E. Schirber, E. L. Venturini, A. M. Kini, H. H. Wang, J. R

Witworth, and J. M. Williams, Physica C152, 157 ~1988!.
78A. Painelli, A. Girlando, and A. Fortunelli, Phys. Rev. B64,

054509~2001!.
1-14


