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We present high-resolution measurements of the coefficient of thermal expar(dips o In I(T)/JT of the
quasi-two-dimensional(quasi-2D salts «-(BEDT-TTF),X with X=Cu(NCS),, CUN(CN),]|Br, and
CU N(CN),]ClI in the temperature range<150 K. Three distinct kinds of anomalies corresponding to dif-
ferent temperature ranges have been identified. Thes@Aarphase-transition anomalies into the supercon-
ducting(X=Cu(NCS),, C4N(CN),]Br) and antiferromagneti¢X=Cu N(CN),]Cl) ground state(B) phase-
transition-like anomalies at intermediate temperat(88s-50 K for the superconducting salts, affd) kinetic,
glasslike transitions at higher temperatures, {8080 K for all compounds. By a thermodynamic analysis
of the discontinuities at the second-order phase transitions that characterize the ground state ¢Agyttem
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 coeffici€pt®othis 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 foiliid at
=38 K and 45 K for the superconducting=Cu(NCS), and CiiIN(CN),]Br salts, respectively. Most inter-
estingly, we find that the signs of the uniaxial pressure coefficient®*ofdT*/dp; (i=a,b,c), are strictly
anticorrelated with those off.. Based on comparative studies including the nonsuperconduéting
=CU N(CN),]Cl salt as well as isotopically labeled compounds, we proposelthanarks 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 tempé&Zatures
all compounds showt(T) anomalies that can be identified with a kinetic, glasslike transition where, below a
characteristic temperatuflg, , 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 deuterg{cCN), |Br salts reported in the
literature.
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[. INTRODUCTION ion contacts of the terminal ethylene groups of the ET’s. In
forming the solid, thesg(CH,),] end groups can adopt two

Organic charge-transfer salts based on the electron-dongossible out-of-plane configurations, with the relative orien-
molecule bigethylenedithig-tetrathiafulvalene, commonly tation of the outer C-C bonds being eitheslipsedor stag-
abbreviated BEDT-TTF or simply ET, are characterized bygered While at high temperatures tH€CH,),] system is
their quasi-two-dimensional electronic properties. They conthermally disordered, a preferential orientation in one of the
sist of alternating conducting ET layers and insulating aniortwo configurations, depending on the anion and crystal struc-
sheets. Within the conducting layers, the delocalization of theure, is adopted upon lowering the temperature. This points
charge carriers is provided by the overlap of therbitals of  to the fact that the ethylene conformation is an important
sulfur atoms of adjacent ET molecules. The packing patterparameter determining the structural and physical properties
of the ET molecules and, thereby, the electronic propertiesf the ET compounds:®
are determined by the anion structure via short C-H an- Within this class of materials, the-phase (ET)X salts
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are distinct because of their interesting superconducting andependent: both superconducting and nonsuperconducting
normal-state properties—some of which are similar to thoserystals are found. Furthermore, superconducting as well as
of the highT, cuprates:® The compounds with the complex insulating (possibly antiferromagneticphases in separated
anions X~ =[Cu(NCS)]~ and [CY{N(CN),}Br]~, which  volume parts of thesamesample have been reported. Their
will be abbreviated ag-Cu(NCS), and x-Br, are supercon- relative volume fraction was found to depend on the cooling
ductors withT, values of 10.4 K and 11.6 K, respectively. rate q. employed at around 80 K*?3in quenched-cooled
On the other hand, the systery(ET),CUN(CN),]CI, in  crystals ¢.~—100 K/min), a strong decrease of the dia-
short x-Cl, is an antiferromagnetic insulatoif (=27 K) magnetic signal has been observed, which has been inter-
which can be transformed into a superconductor with preted as indicating a suppression of the superconducting in
=12.8 K upon applying a small hydrostatic pressure of onlyfavor of the magnetic phase.
300 barg Kanodd proposed a conceptual phase diagram for Concerning both the pairing mechanism and the symme-
the dimerick-type BEDT-TTF salts where the application of try of the superconducting order parameter, the experimental
hydrostatic pressure has been linked to a variation of insituation is still unsettled: a number of recent experiments
plane electronic parameters only, i.8.¢/W with an effec-  provide strong arguments for an isotropic gap structure and
tive on-site (dimen Coulomb interactionU and a band- indicate the particular role of lattice degrees of freedom in
width W: with increasingU /W the ground state changes the pairing interactio!~° This conflicts sharply with the
from a paramagnetic metéPM) to a superconductofSC) results of other experiments, notably NMR measurements
and further to an antiferromagnetic insulat@Fl). The po-  performed in finite magnetic fields;* which reveal low-
sitions of the various salts with different anions in the phaseenergy excitations indicative of an anisotropic pairing state
diagram are determined by their ambient-pressure groundvith nodes in the gap. For a review on the controversy on the
state properties. In this picture, the deuterated salsuperconducting state, see, for example, Refs. 4 and 30. In
k-(Dg-BEDT-TTF),CU N(CN),]Br, denoted ax-Dg-Br, is ~ connection with the above controversy on the state below
situated right at the AFI/SC border in between the antiferro-T¢, questions arise about the origin of the anomalous prop-
magnetic insulating«-Cl and the superconducting hydroge- erties afT>T. and their interrelation to the superconducting
natedk-Hg-Br salts. The close proximity of an antiferromag- state. In addition, one may ask to what extent a comparison
netic insulating to a superconducting phase has beegan be drawn to the highz cuprates and—an obvious con-
considered—in analogy to the high-cuprates—as a strong cern for the present molecular systems—what the role of
indication that both phenomena are closely connected tittice degrees of freedom is for the above-mentioned
each othe?.A theoretical approach to the above proposal hagnomalies.
been given by Kino and Fukuyafhan the basis of a two- A most sensitive tool, to probe the lattice properties and
dimensional(2D) Hubbard model. In this picture, the AFI their coupling to the electronic degrees of freedom, is pro-
state of k-(ET),X is a Mott insulating phase. The Mott- Vvided by measurements of the linear thermal expansion co-
Hubbard scenario for the title-compound family implies aéfficienta(T)=dInI(T)/dT, wherel (T) is the sample length.
half-filled conduction band together with strong electron cor-To this end we have initiated a systematic thermal expansion
relations leading to unusual normal-state properties in thétudy on the title compounds covering a wide temperature
metallic phase(pseudogap behavipclose to the magnetic range. These studies supplement recent thermal expansion
insulating phase and a spin-fluctuation mediatednvestigations aiming at a determination of the uniaxial-
superconductivity:® pressure coefficient o, dT./dp;, for various (ET}X

In fact, various properties of the normal state showCOfT1D0Uf1<31§-1’32
anomalous behavior: the spin-lattice-relaxation rater() ~*
of the superconducting-Hg-Br and x-Cu(NCS), salts stud- Il. EXPERIMENT
ied by 13C-NMR shows a maximum around 50 K which has
been ascribed to antiferromagnetic spin fluctuatiénBor
both compounds, a decrease of the spin susceptililjty in
the same temperature rangé?together with a distinct peak

The coefficient of thermal expansion has been measured
utilizing a high-resolution capacitance dilatométewith a
maximum sensitivity corresponding thl/I=10"1°. Length

in the temperature derivative of the electrical resistivity,C"angesi (T)=1(T)=1(To), whereT, is the base tempera-
ture, were detected upon both heating and cooling the

dR/dT,2**®has been interpreted as a reduction of the den e .
sity of states at the Fermi level, i.e., the opening of asample. The coefficient of thermal expansion
pseudogap®’’ The softening of ultrasound modes exhibit- 1 AT
ing pronounced minima at 38 K and 46 K farHg-Br and a(T)= = ——=
k-Cu(NCS), respectively, was attributed to the same I(T) T

effect 8 _ . is approximated by the differential quotient
Besides these anomalies around 50 K, unusual time de-

pendences in magnetic and transport properties have been Al(Ty)—AI(Ty)

reported for both deuterated and hydrogenateBr near 80 a(T)NI(SOO K- (T,—Ty) "

K.1%22 For k-Hg-Br, the superconducting properties have

been found to depend on the thermal history, in particular omwith T=(T,+T,)/2.

how fast the sample had been cooled through 77 K. As men- The single crystals used were synthesized by the standard
tioned above, the ground state fDg-Br is strongly sample electrocrystallization technique with typical dimensions of
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FIG. 1. Linear thermal expan-
sion coefficient perpendicular to
the planes, , vs T for various
saltsk-(ET),X. (a) Nonsupercon-
ducting «-Cl and x-Dg-Br, (b) su-
perconducting «-Hg-Br  and
x-CUu(NCS),. For clarity, different
scales have been used along the
ordinates. The inset shows details
of @, for X=CUN(CN),]CI as
a, /T vs T. Arrows indicate dif-
ferent kinds of anomalies as ex-

o x-Cu(NCS), | plained in the text.
e «-H-Br 0
-10 i — rr 1 1 r 1 r 17
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(0.5-1.5 mm perpendicular to the highly conducting planesanion-labeled k-(ET),Cu(*N*Cs), (T.=9.3 K), and
and (0.5-2.5 mm along both in-plane axes. In the present,..(D1c3‘s,-ET),Cu(NCS), (T,=9.8 K) where eight sul-
work ten crystals have been studied: on€Cl sample T fur atoms of the ET molecule have been labeled vif, the
=27.8 K), four crystals ofc-Br, and five ofk-CU(NCS),  foyr ethylene carbon atoms witC, and the eight hydrogen
including samples with various isotope substitutions. Due tytoms with deuterium. As pointed out in Ref. 24, the latter
the particular shape of the-Cl and x-Br crystals used?it  compound shows a “normal” BCS-like mass isotope effect
was not possible to measutgT) along all three principal  on T, for the 13C34S substitution and an “inverse” isotope
axes on thesamesample. Fork-Hg-Br measurements per- effect upon replacing the hydrogen atoms of the ethylene end
pendicular to the planes(axis) and along one not specified groups by deuterium; no isotope effect Bpis observed for
in-plane axis were performed on crystal No. Z.( the anion-labeled saif.In the present paper we refrain from
=11.8 K), while measurements along the in-planandc  comparing superconducting properties for the afore-
axes were performed on crystal No. 3.611.5 K). The = mentionedk-Cu(NCS), samples containing isotope substitu-
excellent quality of both crystals is reflected by both the hightions, but have tended to focus on the effect of isotope sub-
transition temperatures and relatively small transition widthsstitution on the expansivity anomalies at intermediate
of AT,=500 mK, as determined by a thermodynamic meatemperature$B). For the deuterated sample, the in-pldme
surement as well as the pronounced anisotropy in thend c-axis thermal expansion coefficients have also been
uniaxial thermal expansion coefficients. To check for repromeasured. This crystal of excellent quality is identical to that
ducibility, we measured another crystal #fHg-Br, No. 1,  studied in Ref. 31. For the determination Bf and Ty, we
along the out-of-plane axis, and fouriesides a slightly yse the standard “equal-areas” construction in a plt)/T
lower T, value of 11.5 K almost identical expansivity be- ysT. A small misalignment of the crystal orientation of about
havior to that for crystal No. 2 in the whole temperature +5° from the exact alignment cannot be excluded.

range investigated, i.e., up to 200 K. Crystals No. 1 and

No. 2 have also been used in our previous study on the |||~ ASSIFICATION OF THERMAL EXPANSION
uniaxial-pressure coefficients ®f,.3? For a deuterated crys- ANOMALIES

tal, k-Dg-Br, which was measured along tleeaxis, no su-

perconducting phase-transition anomaly was found. Regard- Figure 1 shows the thermal expansion coefficient mea-
ing the above-mentioned cooling-rate dependence of theured perpendicular to the highly conducting plares, for
ground state, we note that for all samples investigated ne-(ET),X with X=CUN(CN),]Cl, X=Cu N(CN),]Br,
changes of thdow-temperatureexpansivity behavior were andX=Cu(NCS), over an extended temperature range. Fig-
observed within the parameters accessible with our experidre 1@ comparesa, (T) of the nonsuperconducting salts
mental setup, allowing cooling rateg. ranging from x-Cl andk-Dg-Br. In Fig. 1(b) we show the expansivity data
—1 K/hupto—300 K/h. Fork-Cu(NCS), measurements of superconducting-Hg-Br and k-Cu(NCS). Note the dif-
along the out-of-planea* axis were performed on two ferent scales of the ordinate for each case. For the various
crystals of the pure compound {=9.2 K) and three crys- compounds, a number of anomalies is observed for tempera-
tals with isotope substitutions either on the ET or anion sitestures T<80 K as indicated by the arrows. As will be dis-
In each case, a pronounced and relatively sharp phaseussed in more detail below, three different kinds of anoma-
transition anomaly was found &t.. For comparison, we lies can be distinguished that correspond to different
studied deuteratedk-(Dg-ET),Cu(NCS), (T.=9.95 K), temperature ranges.
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At temperatures around 70-80 KC), large steplike with decreasing temperature, exceeds the characteristic time
anomalies are found fok-Cl and both kinds of«-Br salts.  scale of the experiment. Then the system cannot reach its
Their characteristic temperatures are labeledTgs For  equilibrium state before the temperature further decreases.
k-Cu(NCS), a smaller but distinct anomaly at 70 K and a As & result, the relevant degrees of freedom cannot be ther-
second one at around 53 K can be observed. As will bénally excited and, thus, no longer contribute to quantities
shown below, these anomalies are of the same origin?U‘fh as the specific h?acglalsﬁ)zo for T<T, and
namely, due to a kinetic, glasslike transition where, belowC? " (T)>0 for T>T, with C9%** representing the addi-
T4, a certain disorder in the positional degrees of freedom ofional contribution to the heat capacity. As the volume ther-
the [ (CH,),] end groups of the ET molecules becomes fro-Mal expansion coefficient(T) ==;a,(T), withi=a,b,c, is
zen in. related to the specific heat via the @aisen relation

In the intermediate temperature range around 40-50 K
(B) both superconducting compounds exhibit a pronounced
local maximum ina(T) at a temperature labeled &%, Fig.
1(b), while the features are absent in both nonsuperconduct-
ing salts; see Fig. (). While the overall expansivities of where x; denotes the isothermal compressibilitf,,, the
«-Cl and x-Br show the usual increase i asT increases, molar volume, andl' a generalized Gneisen parameter,
for k-Cu(NCS), an anomalous temperature dependence i®oth methods are very well suited for studying glassy phe-
revealed for temperaturds>T*; i.e., o, (T) decreases with nomena. In particular, the thermal expansion coefficient is
increasing temperature. Abovie=120 K, it even becomes extremely sensitive to structural rearrangements and allows
negative, corresponding to a progressive reduction of the infor studying the anisotropy of the glassy effects. Glasslike
terlayer distance upon warming. Then,Ta¢ 175 K, «, (T) transitions can be identified by the following characteristics:
passes through a broad minimum and becomes positive agaliii @ steplike increase &, and 8 upon heating througffy,
above 220 K(not shown. The latter findings have been (i) the occurrence of hysteresis arouflg, and (iii) a
pointed out already in a previous thermal expansion stidy. cooling-rate-dependerit, value®®

At low temperatures, i.e., in the temperature rafge, In a recent ac-calorimetry study of the-Br and «x-Cl
the thermal expansion behavior is dominated by the phasesalts, glass transitions have been reported for both
transition anomalies characterizing the respective groundompound$™#?The authors observed steplike anomalies in
state of the system: the ambient-pressure superconductdise heat capacity around 100 K, which were attributed to a
k- Hg-Br and «-Cu(NCS), show pronounced negative freezing-out of the intramolecular motion of the ethylene end
second-order phase-transition anomaliesan(T) at T, groups of the ET molecules. It was claimed that an extrapo-
=11.8 K and 9.3 K, respectively. lation of the frequency-dependent glass-transition tempera-

The inset of Fig. la) gives details of o, (T) for tures to frequencies corresponding to the “time scale of our
x-(ET),CUN(CN),]Cl in a representatioa/T vs T. Adis-  dalily life” (~10° s) would give aT value of about 80 K.
tinct negative jump reminiscent of a second-order phase trarit about the same temperature, Kuedal. reported an
sition can be resolved at 27.8 K. This is about the sam@nomalous thermal expansion behavior of i#RBr and «-Cl
temperature at whichH-NMR and magnetization measure- salts**“4these authors found abrupt changesfT) at 80
ments revealed the onset of 3D antiferromagnetic otfder. K and 73 K, respectively, which they attributed to second-
Our data thus provide, in a thermodynamic quantity beyondrder phase transitions. An explanation was given in terms of
magnetization, clear evidence for a second-order phase tragn order-disorder phase transition of the terminal ethylenes.
sition in x-(ET),CU N(CN),]|Cl at Ty,. The high-resolution thermal expansion results presented here

After analyzing the glassy anomalies at higher temperaprovide convincing evidence for a glasslike transition in the
tures(C) in Sec. IV we will focus on the expansivity prop- «-Br and «-Cl salts. This confirms, on the one hand, the
erties in the low{A) and intermediate-temperature rarif§¢  above-mentioned specific heat restht€ and clarifies, on
in Secs. V and VI. A conclusion is given in Sec. VII. the other, the nature of the thermal expansion anomalies pre-

viously reported by Kunet al****In addition we disclose a
glasslike transition also fok-(ET),Cu(NCS).

BT)=T 7 -Cu(T), &

IV. GLASSLIKE TRANSITION

In positionally and/or orientationally disordered systems, A. Phenomena and analysis

relaxation processes can lead to glasslike transitions where, Figure 2 shows on expanded scales the anomalies in
below a certain temperatufig, a short-range order charac- «, (T) in the temperature rang€) for the x-Cl, k-Hg-Br,
teristic for this temperature is frozen in. These relaxationand k-Cu(NCS), salts. A distinct hysteresis is seen between
phenomena are not limited to “classical” glass-forming ma-the heating(solid symbol$ and cooling curvegopen sym-
terials like undercooled liquids: the corresponding orienta-bols). In the heating curves, the former two salts reveal pro-
tional degrees of freedom can lead to glasslike transitionsounced jumplike anomalies @y~70 K («-Cl) and 75 K
also in polymeric or crystalline materials with large organic(«-Br) with characteristic under- and overshoots at the low-
molecule® such as, e.g., single-crystalling*® Such tran-  and high-temperature sides of th€T) discontinuity, respec-
sitions occur when théstructura) relaxation time of the rel- tively. While the heating and cooling data coincide further
evant molecular movements, which is growing exponentiallyoutside the transition region, they differ markedly close to
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551 é 122 pansion perpendicular to the planes, , vs

. £l ; T close to the glasslike transition for
or £ I 120t k-(ET),X  with  X=CUN(CN),]Cl (a),
sl / i i CU N(CN),]Br (b), and Cu(NCS) (c). Solid and

I f 18 open symbols denote heating and cooling curves,
401 1 respectively.
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T4: upon cooling no under- and overshoot behavior can b@f as a sequence of differential temperature stepsinter-
observed and the, (T) curves are reminiscent of broadenedrupted by intervals of duratiomMt=AT/gq at which T
second-order phase-transition anomalies. Such a hysteretieconst. The system remains in equilibrium as long\ass
behavior is not expected for thermodynamic phase transimuch longer than the relaxation timewhich, for structural
tions but, as mentioned above, it is characteristic of glasslikeearrangement processes in solids, is known to grow expo-
transitions, where instead of a well-defined transition tem-nentially upon lowering the temperatuf®At high tempera-
perature, one meets a “glass-transformation temperaturiires, 7 is small and, thusy<At. As soon asr~At upon
interval.”*%4% In contrast to the isostructural-Cl and x-Br ~ cooling, the relaxation of one step is not completed before
salts where a single anomaly occurs, the heating curve fahe temperature further decreases. The greater the cooling
the k-Cu(NCS), compound shows a sequence of two some+ate, the less time remains for relaxation; since, upon increas-
what smaller steplike anomalies at around 70 K and 53 K; cfing |q¢|, At~1//q.| becomes smaller, the transition defined
Fig. 2(c). The hysteretic behavior indicates that both featuredy 7~ At occurs at higher temperatur®sThe inset on the
are glassy in nature, with the transition region extending overight side of Fig. 3 shows an Arrhenius plot of the inverse of
a wide range from about 48 K up to 73 K. the so-derived glass-transition temperatufgé vs|qc|. The

We note that, besides the actual valueTgf, which will  data nicely follow a linear behavior as expected for a ther-
be discussed below, the details of the heating curves, espgally activated relaxation tinfé*®
cially the characteristics of the under- and overshoot behav- L E kT
ior, also depend on the thermal history: for all three systems, T(T)=v, e™ae, 2

the overshoot on reheating was found to be more pronounceghere E, denotes the activation energy barrier aglthe

when the heating ratég,| was larger than the preceding Bojtzmann constant. The prefactor represents an attempt fre-

cooling rate|q.|. On the other hand, ifg,| <|q.|, there was quencyvy.

relatively little overshoot abovd, but undershoot forT

<T,. This is precisely what one expects for “classical’ L0

glass-forming systent¥. ok ' '
The question at hand is which molecular motions are in-

volved in the relaxation process, i.e., what kind of structural 25

degrees of freedom are frozen at low temperatures. To this 20' s

end it is helpful to evaluate the activation barrier for the KA

relevant relaxation process from the cooling-rajg) depen- 1, 1P "% 128l m %

X
dence ofT A5 I (KM
A 1K

1

-6
S
T

<o
1. k-(ET),Cu[N(CN),]Br and x-(ET),Cu[N(CN),]Cl °

Figure 3 shows the linear thermal expansion coefficient I ]
a(T) measured along one nonspecified in-plane axis of the 5L =6 w0 ]
K_—Br _salt at different cooling_ rateg; . The inset on the left o & 0 5 8 &
side illustrates the hysteretic behavior aroufyl For the T®
transition temperaturd(q.), we use the midpoints of the
somewhat broadened steplike anomalies in the respective gG. 3. Linear thermal expansion coefficient, vs T measured
cooling curves. The figure clearly shows that the transitiomhong one nonspecified in-plane axis ©{ET),Cu N(CN),]Br in
shifts to higher temperatures with increasing cooling rat&ne vicinity of the glass transition for varying cooling ratgs The
lac|, whereas the shape of the curves remains unchangegefinition of the glass-transition temperatdrgis given in the text.
This behavior is well understood for a glass transition: cooldnsets: hysteresis between heating and cooling curves arynd
ing or heating at a continuous raje=dT/dt may be thought (left side and Arrhenius plot oﬂ'g1 vs |q.| and 7 (right side.

*
o -
u
\Z
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Based on a simple two-state modéINagel et al. have L
guantified the above-sketched idea of relating the cooling 70}
rate with the relaxation tim& They derived a criterion for
the glass-transition temperature that allows for a determina:
tion of vy and

(T = E @.
9¢/ Ea
In a first approximation we set(T4)~1/q|, yielding
In|gg|=—Ea/(kgTy) +const. This is in excellent agreement
with the observed cooling-rate dependenceTgf cf. right
inset of Fig. 3. A linear fit to the data of Fig. 3 yields, DB
=(3200+300) K andvy=5x10""1° Hz. 6'8 : 7'0 : 7'2 : 7'4 : 7'6 : 7'8 : 8'0 : 8'2
As mentioned above, there are positional and orientationa
degrees of freedom for tH&¢CH,),] end groups which rep- T (K)
resent the most deformable parts of the ET molectfidhe
characteristic activation energy of tfiéCH,),]| conforma-
tional motion was determined &,=2650 K by *H-NMR
measurementS. This value has to be compared to 2400 K as
estimated from resistivity and ac-calorimetric measure
ments?®42(2000+500) K from resistivity measurements of
structural relaxation kinetic®, and 2600 K also from
resistivity-relaxation measurementsThe similar size of the
activation energy derived here, compared to the above nu
bers, suggests that ti¢CH,),] end groups are the relevant
entities for the relaxation process observed in the thermai
expansion. A direct check for this possibility is provided by
measuring the mass-isotope effect Dy. For a deuterated
«-Br salt due to the higher mass of [t&CD,),] units, a shift
of T, is expected: fork-Dg-Br the relaxation timer of the

FIG. 4. Coefficient of thermal expansion perpendicular to the
planes,a, , vs T of hydrogenatedopen symbolsand deuterated
(solid symbol$ «-(ET),CUN(CN),]Br. Data were taken upon
heating after cooling the crystals with two different raq%@‘” and
'q'c""s‘t (see textwhich results in a lower and upper valueTf for the
slow and fast cooling history, respectively, in each case, as indicated
by the arrows.

Mz 1076 KL The resulting glass contribution to the volume
xpansivity abovd y, BY3(T) =3,;a?®{T), caused by the
xcitation of the motiona] (CH,),] degrees of freedom is
thermodynamically related to the pressure dependence of the
entropy associated with the ordering of the ethylene end
groups:

terminal (CDQ), groups at a given temperature should ex- 9Seth

ceed that for thec-Hg-Br compound at the same tempera- — = V@3S, (3
: - : Py

ture. Using the above criterion fofy, a longer relaxation T

time means that for a given cooling rate the system falls ougayly x-ray diffraction studies revealed that the terminal eth-
of equilibrium at higher temperatures. Figure 4 compare§jene groups for the-Br and «-Cl salts are disordered with
a, (T) for the hydrogenated compoune;Hg-Br (open sym-  ihe tendency towards the eclipsed orientation at room
bols), with that for the deuterated one;Dg-Br (solid sym- temperatur®®  but ordered—within the experimental
bols). For both compounds, two heating curves are showRego|ution—in the eclipsed conformation at 127 Kghich
taken after slow and fast cooling historge®~—25 K/h  \yas confirmed to be the case also at 262K complete
and g~ —150 K/h). The figure clearly demonstrates thatordering at temperatures above 127 K would be in contradic-
the T, values for the deuterated-Br salt are shifted by tion to a glasslike freezing below 80 K. However, these x-ray
abou 3 K to higher temperatures compared to that fordiffraction measurements gave only an average structure, and
k-Hg-Br. To check for reproducibility, we measured a seconddisorder at the 10%—20% level could not be resoR&@ur
sample of the hydrogenated salt from a different batch. Weesults and those of the specific heat stutli&simply that
found that under similar conditions, tfig, value was repro- the ordering process of tH&€CH,),] units which starts at
duced within about 250 mK. If one simply assumes that theoom temperature is not completedTatleaving a consider-
ratio of the relaxation times for the termingCD,),] and  able degree of disorder that becomes frozen balgwCom-
[(CH,),] units scale with the square root of their mass ra-bining the discontinuities in the linear thermal expansion co-
tios, one would expect a positive shift 8, of 3.4% upon efficients at T;, we find f99%=—10x10"° K~! and
'H— 2D substitution(here we consider the activation barrier ISethy! IPhydr= Zi9Setny/ Ipi=+0.5 J/(mol K kbar), i.e., a

E, to be identical for both isotopgsThus the observation of reduction of the degree of ethylene order upon the applica-
a 'H-2D isotope effect 0T 4(q.) of about 4% provides clear tion of hydrostatic pressure. In a simple two-level model, the
evidence for a relaxation of the ethylene moieties as the oridifference in the molar entropy between the totally ordered

gin of the observed glassy phenomena. and totally disordered ethylene conformations amounts to
Directional-dependent measurements reveal a strongly a $ﬁ§= Nkg In 2=2RIn2=11.53 J/(mol K) whereN=2N_,

isotropic lattice response &t (not shown with contribu-  denotes the number of relevant ethylene moieties per mole.
tions af®{Ty)=a(T—Ty)—a;(T—Ty) of af®=+20  Given that about 10%—20% of the ethylenes are still disor-
X107 K71, ad®%=-52x107° K™%, and ad®=+22  dered affy, i.e., that the major part @i has already been
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released at higher temperatures, the above estimated valueeitrs due to the above-identified glasslike transition may
9Setny! IPnyqr Underlines the extraordinary large pressure anccause anomalies in physical quantities which depend on the
volume dependence of the ethylene-ordering effects-Br.  transfer integrals such as, e.g., transport properties. Indeed, a
In order to estimate the activation eneigyfor the k-Cl  pronounced kink in the resistivity at 75 K accompanied by
salt, the cooling-rate dependenceTgf was measured in the hysteresis between heating and cooling has been reported for
same way as described above for #18r salt. Again,T;*  the k-Hg-Br salt> According to oura(T) data, hysteretic
follows well a linear Injgc| dependence in the Arrhenius plot behavior in the resistivity af, might also be expected for
yielding E,=(2650+300) K andvo=2x10""® Hz. The  the «-Cl as well as thex-Cu(NCS), salt. Because of the
value forE, agrees well with those reported in the literature: small number of carriers for the-Cl and the weak effect in
(2600+100) K from *H-NMR (Ref. 37 and 2700 K from  4(T) for the x-Cu(NCS), salt, the response in the resistivity
ac-calorimetry’” The value found for the discontinuity of the s probably very weak and has not been seen yet.

VO'“Tg’ eXpansion coefficient affy is AB~—3.25 Besides the kink structure in the resistivity, thg &hd D;
x1077 K Using = Vino=496.66 cr we .f'nd. salts of k-Br show interesting time dependences affecting
9Sethy! IPnyqr=+0.16 J/(mol Kkbar), a value which is sig- ), the electronic properties at temperatures belbw
nificantly smaller than that found foe-Br. The correspond- ,
: ~(75-80) K and the actual ground-state properties. For su-
ingly smaller pressure and volume effects on f€H,),] . : .
disorder may be due to the fact that the short G-HH and perconducting-Br, _Su et al. reported relaxation effects n
C-H - - - anion contacts are stronger strained for AR€l salt R(T) and "’?Sepafa“";}, (ZDI the curves below 80 K as a function
which corresponds to a harder lattice. of the cooling ratec]C. “*The way of cooling through'80 K
was found to influence the low-temperature properties such
that T, decreases on increasihg.|. These phenomena have
2. #-(ET),Cu(NCS), been ascribed to a structural transformation leading to lattice
The shape of the glasslike transition for the monoclinicdisorder. We note that the quenching rates which were found
k-Cu(NCS), salt differs substantially from that of the ortho- to influenceT, in those studies|{.=600 K/h) are much
rhombic k-Br and x-Cl salts. Although these compounds are higher than the cooling rates employed in our experiments. A
similar in sharing polymeric, ribbonlike anion chains, the sequence of first-order phase transitions around 75 K due to
donor molecules of the-Br and x-Cl compounds lean along ethylene—end-group ordering was claimed based on resis-
the anion chain while they are perpendicular to the aniortance measurements of structural relaxation kinéfiddag-
chains for thex-Cu(NCS), salt. This results in a different netization measurements revealed that a growing amount of
network of short C-H - - donor and C-H - - anion contacts disorder with increasing values ¢di;| leads to larger pen-
which supports an ethylene—end-group ordering in the stagetration depths and lower superconducting transition
gered instead of the eclipsed conformatforfFigure Zc)  temperatures’ Besides these cooling-rate-dependent effects
clearly shows that ikc-Cu(NCS), two closely spaced glass- on T, for «k-Hg-Br, it has been reported that rapid cooling
like transitions occur with small but distinct anomalies throughT*<80 K drives the superconducting ground state
aroundTgl=7O K and T92=53 K, indicating that, in this of the deuterated sak-Dg-Br into an insulating antiferro-

case, a simple two-state model is not adequate. Rather fagnetic state??®

appears that the transition occurs in two steps characterized The above temperatur&*, below which time depen-

by different activation energie,. Due to the fact that the dences affecting the ground-state properties become impor-
cooling-curve anomalies can hardly be distinguished fronfant, coincides with the glass-transition temperafiyeleter-

the unknown background expansivity, our data do not allowmined from oura(T) measurements. This suggests that the
for a reliable determination df(q.) and thusE,. Although coollng-ratfe-dependent metal-insulator transitiorniDg-Br

the freezing-in process seems to be more complicated as @nd the shift ofT¢ in x-Hg-Br are related to the above relax-
occurs in two steps, it is likely that also farCu(NCS), the ~ ation phenomena.

ethylene end groups of the donor molecules are the relevant As the motional degrees of freedom of {{€H,).] units
relaxation units. become frozen in below, a direct interaction, i.e., a scat-

tering of the charge carriers off that motion is not expected.
Rather aff 4, the freezing-in process introduces, via the C-H
The size of Ty suggests that the energy differenEg --- donor and C-H - - anion contact interactions,random
between the eclipsed and staggered conformation is quitgotential that may influence the effective transfer integrals
small, i.e., of the order of 100 K. BotEg and the energy te. In fact, the comparison of two recent specific heat ex-
barrierE, depend on the details of the crystal structure, i.e.periments onx-Br give strong indications for cooling-rate
how the ethylene groups interact with the anion and neighdependent disorder: Nakazawa and Kanoda used the specific
boring ET molecules, and also on how the charge is distribheat data of a rapidly cooled deuterated crystahich is
uted on the ET molecule because of the electrostatic interadasulating to determine the lattice specific heat for ther
tion between the positive protons and the electronegativealt®® The so-derived lattice contribution was found to differ
anions. substantially from the one observed in slowly coolsdper-
The transfer integralk; between adjacent ET molecules conducting «-Hg-Br.28
determining the electronic structure depend strongly on the It is obvious that the random potential induced by large
intermolecular distance. Thus, changes in the lattice parancooling rates is unfavorable for superconductivity and may

B. Discussion
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thus account for the cooling-rate-dependent superconductingniaxial stress perpendicular to the planes and the negligible

properties in the present materials. in-plane-pressure effect imply a negative-pressure effect on
Ty under hydrostatic-pressure conditions, in agreement with

V. ANTIFERROMAGNETIC TRANSITION IN INSULATING the experimental observations.
x-(ET),Cu[N(CN),]CI In contrast to the above dilatometric studies, specific heat

o . measurements have failed so far to detect a phase-transition

salt, the small modification of the anion compositione€l ~ Ag~Aq =—-2x108 K~! and available literature data
leads to subtle changes of the donor arrangement and t0 g the response ofy to hydrostatic pressure varying be-
insulating low-temperature state. Early magnetic measureyeen—150 K/kbar(Ref. 64 and —25 K/kbar (Ref. 69,

ments revealed the onset of a shallow decrease in the magse Enrenfest relation allows us to estimate the expected dis-
netization upon cooling to below 45 K, which was regardedcontinuity in the specific heat afy. We find AC,,

as a signature of antiferromagnetic orderiign addition, ~(20-100) mJ/(mol K), which is much below the experi-

these studies revealed indications for a weakly ferromagnetig,enta] resolution of the specific heat measurements reported
state with a small saturation moment of 8, Ref. 63.
x10°* ug/dimer below 22 K. Subsequently, the spin struc- " The apove findings of a highly anisotropic lattice response
ture has been studied byH-NMR measurement¥,yielding ot T and, related to this, strongly directional-dependent
a commensurate antiferromagnetic ordefg=27 Kwitha  njaxial-pressure coefficients provide a crucial test for mod-
moment of (0.4-1.Q)g/dimer. From these measurements, g|s attempting to describe the nature of the antiferromag-
the authors inferred that the easy axis of the ordered Mosetism ink-Cl. The lack of a visibleC(T) anomaly has been
ments is perpendicular to the layers and that a small cantingscriped to the 2D character of the spin correlations, result-
of the spins below 23 K gives rise to a ferromagnetic Mo-jnq in a short-range 2D ordering of the spins well above the
ment parallel to the layers. 3D transition temperature. The magnetic exchange-coupling
Figure Xa) clearly demonstrates that, (T) of x-Cl ex-  constant for nearest-neighbor interactions was estimated to
hibits another distinct feature besides the glasslike transitionjl._ 460 K 63 Accordingly, most of the entropy dRIn 2 is
a negative second-order pha_se—transition anomaly slightlysjeased at temperatures far abdye Apart from the small
below 28 K. As the anomaly im (T) occurs at the same jymp in the specific heat which would be compatible with a
temperature below V\_/hchH—NMR measurementg revealed 3p antiferromagnetic ordering among localized sping at
the onset of magnetic order, we regard @e(T) jump as e proposaliii ), this model is difficult to reconcile with the
the bulk signature of the antiferromagnetic transition. distinct anisotropy ingTy/dp; deduced from our measure-
Three different proposals have been made for the origin ofnents. On the one hand, for such a scenario, one would
the magnetic moments and the character of the magnetigypect that in-plane pressure affecting predominatly
state in «-Cl: (i) lattice disorder due to conformational shoyld also influence the 3D ordering temperature. This con-
ethylene-end group disarrangemé&ftshere the localization trasts with our finding of a vanishingly smaily/dp;. On
of electron states with incomplete compensation of theikne other hand, from the negative pressure coefficiefftyof
spins is believed to cause an inhomogeneous, frozen-in mags, niaxial stress perpendicular to the planes we infer
netic state at Iow_ t_empe_rature(ﬁ;_)_nesting pro_perties_of the 9J-19p, <0, J* being the interplane coupling constant.
Fermi surface giving rise fo itinerant, spin-density-waveoever, a decrease of the interlayer coupling constant upon
(SDW) magnetisnt,"®*andiii) a Mott-Hubbard-type metal-  oqycing the interlayer distance cannot be understood regard-
insulator transition leading to a magnetic state characterlzeg,g only nearest-neighbor magnetic couplings in a 3D spa-

. . 7
by localized spins! _ _tially anisotropic Heisenberg model. However, for the com-
As our measurements provide clear thermodynamic eVipiex crystal structures of the title compounds there are

dence for a phase transition &, the first proposal can be 4qgitional, frustrating magnetic couplindfsPossibly, these
discarded. To check for proposdl$) and (iii) it would be  re relevant not only for the in-plane but also for the out-of-
helpful to inspect the anisotropies in th€T) response &y plane directions. A suppression of the magnetic order upon
that allows for a.determ|nat|.on of the un|a>'<|al—pressu.re ef-stress perpendicular to the planes could be understood if
fects onTy . Within our experimental resolution, there is no those frustrating interactions were to increase more strongly
anomaly visible affy for both m-plar:g thermal expansion than the nearest-neighbor couplings. For in-plane pressure,
coefficients, i.e.,Aay=0 (not shown.” According to the  poth interactions would have to just cancel out in our case.

Ehrenfest relation An explanation in terms of frustrating magnetic couplings
. could account also for the low value of the transition tem-
(ﬂ V. T* ﬂ (4) peratureTy.
IPi)y o mol AC” With respect to a SDW scenario, i.e., propo§al, the

following aspects are of relevance: as it is likely that the
which relates the uniaxial-pressure dependence of a secondesting vector lies normal to the open sheets of the Fermi
order phase-transition temperaturé to the discontinuities surface(FS) with the largest component along teeaxis in
in «;, Ae;, and those of the specific heatC, this corre-  the conducting plane, in-plane stress is expected to affect the
sponds to a vanishingly small in-plane pressure effediipn  FS topology and thus the nesting properties. In fact, recent
Taken together, the negative-pressure coefficienTipffor ~ uniaxial-strain  studies of the SDW transition in
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FIG. 5. Linear thermal expansion coefficient§(T) for the three principal axes ofa) «-(Hg-ET),CU N(CN),]Br and (b)
x-(Dg-ET),Cu(NCS),. The same symbols indicate related symmetry axes for both salts: the interlayer direction, icegxibefor the
former and thea* axis for the latter salt, the in-plane axis along which the polymeric anion chains run, i.e;[thddr] and c-axis
[ k-Cu(NCS)], and the second in-plane axis perpendicular to the anion chains;[ie-Br] andb-axis[ k-Cu(NCS)]. The inset in the left
panel shows the volume thermal expansion coefficg{) of «-Br. The solid line indicates the interpolated lattice background. The inset
in the right panel compares the anomalous additional contributions to the volume expa@d@@yiof, x-Br and x-Cu(NCS), estimated as
explained in the text. Fok-Br (a) the «, data have been taken on crystal No. 2 while crystal No. 3 was used,fand «. .

a-(ET),KHg(SCN), revealed that uniaxial pressure along Tc we found that the latter system exhibits a strikingly
both in-plane axes alter the nesting properties and, therebgjmilar anisotropy of dT./dp; as the compound
cause a strong suppressionTafpw.®’ Thus, the absence of B”-(ET),SRCH,CF,SO;, namely, either a positive or van-
any in-plane pressure effect on the antiferromagnetic phasshingly small pressure coefficient for uniaxial pressure
transition in x-Cl appears to be in conflict with a simple along both in-plane axes, but a huge negative interplane co-
spin-density-wave(SDW) scenario. Nevertheless, the fact efficient 9T, /dp, .3! Pronounced negative cross-plane pres-
that uniaxial pressure along the out-of-plane direction supsure effectsiT,/dp, <O were found also for th&-(ET),X
pressesTy (and subsequently induces superconductivity salts with X=15 and C{iN(CN),]Br.3? The results for the
would be compatible with a SDW scenario. Uniaxial stresSatter salt are in conflict with those reported by Kuetcal. &°
perpendicular to the planes is expected to increase thgnere a vanishingly small cross-plane pressure coefficient of
warping of the pyhndncal FS wh|ch_ in turn reduces Fhe (0+£0.2) K/kbar was claimed. Here we present high-
nesting properties, thereby aIIow!ng .SupercondUCt'V'tyresolution measurements of the linear expansivities for the
to form. In fact, such a behavior is observed fory, oq principal axes for th&-Br salt which clearly reveal

a-(ET),KHg(SCN),.%8:67 P N =
Our results indicate that none of the above proposals igegatlve discontinuities &f; along all three axesAay,

> -6 K1 -of- in-
suited to describe the magnetic statexi¥Cl satisfactorily. (2'3i 0'3)XA10 _ K 1 qugli_ut g f:gplalngi%ntlj([olr th%'g pla_ne
However, certain elements of both models—i.e., of a magne? 1A ¢ axes aa__s_(_'l 3)X and Aac=

—(0.20.08)x10 ° K™+, respectively. The values for the

tism of localized moments as found for the hi§h-cuprates . ; S J :
: h|_n—plane discontinuities agree well with those reported in a

and of an itinerant, nesting-driven magnetism as in the Bec - .
g J previous thermal expansion study by Kuedal. In order to

gaard salts—seem to apply farCl. This suggests a more rule out sample dependences, we studied a second crystal
complicated magnetic behavior than has been supposed u . ’ . ;
P 9 PP P rom a different batch and found almost identical behatAor.

nOw. Using the Ehrenfest relation, E¢4), and the jump height
AC reported in literatur® we find for the uniaxial-pressure
VI. INSTABILITIES IN SUPERCONDUCTING coefficients of T, for the «-Br systemdT./dp,=—(1.26
k-( ET),CUu[N(CN),]Br AND k-(ET),Cu(NCS), +0.25) K/kbar (out-of-plane and for the in-plane coeffi-
o » cients dT./dpy,=—(1.16-0.2) K/kbar and dT./dp.=
A. Uniaxial-pressure coefficients ofT . —(0.12+0.05) K/kbar. For the hydrostatic-pressure coeffi-

Figure 5 shows the linear thermal expansion coefficientgient ~ we  get  JT./dpnyqg=2i(dTc/dp;) = —(2.58
a;(T) for T<60 K of (a) x-Br and (b) x-Cu(NCS),. For ~ +0.5) K/kbar* in excellent agreement with the values
both compounds the lattice response Tt is strongly found in hydrostatic-pressure experiments, i.e:(2.4
anisotropic. In a comparative thermal expansion study aim—2.8) K/kbar/>'3We stress that these uniaxial-pressure re-
ing at a determination of the uniaxial-pressure coefficients ofults for the various (ET)X superconductordo notyield a
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uniform behavior as for the intralayer pressure effect§on  contribution atT* and the large negativA a,» at T, com-
In particular, the results or-Cu(NCS), show that in-plane plies with the large positive peak structureTdt. These re-
pressure can even cause an increase,ot! Note that this is  sults imply that for both compounds, the uniaxial-pressure
in contrast to what is assumed in the 2D electronic nfodelcoefficients of the anomaly at* and those aT . are strictly
and demonstrates that an attempt to model these systems agticorrelated in their signs but correlated in their magni-
solely considering in-plane electronic degrees of freedom isudes: forx-Cu(NCS),, for example, uniaxial pressure ap-
not appropriate. plied perpendicular to the planes causes a substantial shift of
However, a large negativiaterlayer pressure coefficient the 45 K anomaly to higher temperatures while at the same
of T, that predominates the hydrostatic pressure effect isime it strongly reduce3 .. The inset of Fig. &) compares
common to allx-(ET),X salts investigated so far. As we the corresponding contributions to the volume expansion co-
discussed in Refs. 31 and 32 the sensitivityTgfto changes efficient for both salts. We find sharp peaks 48 at T*
of the cross-plane lattice parameter can arise from pressure38 K and 45 K for k-Hg-Br and x-Cu(NCS), respec-
induced changes of both the interlayer interaction, i.e., theively, reminiscent of somewhat broadened second-order
strength of the 3D coupling and/or the vibrational propertiesphase transitions. We note that the overall shape of the

of the lattice. anomaly, i.e., its width and asymmetry, but not the peak it-
self, depends somewhat on the interpolation procedure em-
B. Phase-transition anomalies abovd ployed to determine the background expansivity. The error

bars include the uncertainties in the interpolated lattice back-
ground and sample-to-sample variations.

Besides the discontinuities associated with the supercon- ) ]
ducting instability in temperature regid@A), the linear ther- 2. Discussion
mal expansion coefficients of both compounds show unusual The above-described anomalies @fT) at intermediate
expansivity behavior in the range 30—-50(B). For k-Hg-Br  temperatures are particularly interesting because magnetic,
[cf. Fig. 5@], we find anomalous expansivity contributions transport, and elastic properties exhibit anomalous behavior
da;, i.e., a pronounced local maximum and a shouldelin the same temperature range. As mentioned in the Introduc-
around 37.5 K for the in-plan@andc axes, respectively, and tion, the presence of strong antiferromagnetic spin fluctua-
a maximum at 41.5 K for the out-of-plarteaxis. The slight  tions preceding the superconducting transition has been in-
differences in the characteristic temperatures of these anomgerred from measurements of the€C-NMR ! yielding a
lies are most likely an artifact due to the unknown baCk-pronounced maximum in T(1T)’l at around 50 K for
ground expansivities, which makes a separatiodef dif-  «-Cu(NCS), and at somewhat lower temperatures for the
ficult. As will be shown below, the corresponding x-Br salt. The rapid decrease of {T) "' below 50 K has
contribution to the volume expansivitgg, can be estimated peen ascribed to the opening of a pseudogap in the spin-
in a more reliable way allowing for a determination of the excitation spectruf™—an interpretation that was proposed
characteristic temperaturg*. We note that forx-Br these by Kataevet al. based on their analysis of ESR datat
anomalous contributions at*, da;(T*), are positive along about the same temperature, anomalous behavior has been
all three axes whereas the discontinuitie$ atA«;(T.), are  reported also from various other quantities, such as the de-
all negative. Furthermore, we find the smallest effectdgr  crease of the spin susceptibility studied by Knight-shift and
where also the lattice responseTatis smallest. The inset of dc-magnetization measuremehts? indicative of a depres-
Fig. 5@ shows the volume thermal expansion coefficientsion of the density of states at the Fermi level and the resis-
B(T)=Za;(T) of k-Hg-Br together with a smooth interpo- tivity, showing a pronounced peak in its temperature deriva-
lation from temperatures below and above the range ofive dR/dT.2*%° The coincidence of these features in the
anomalous expansivity behavior. This procedure allows for &lectronic and magnetic properties with th€T) anomalies
rough estimate of the anomalous contribut@s(T). described above suggests a common origin of the various

At slightly higher temperatures, anomalous expansivityphenomena. This is corroborated also by the response of
behavior is found also for th&-Cu(NCS), salt; see Fig. these features to hydrostatic pressure. From the positive sign
5(b). Here, the background expansivity along the out-of-of the anomalous expansivity contributi@g(T) [cf. inset
plane directiora® is rather difficult to estimate due to both of Fig. 5(b)], a shift of T* to higher temperatures is expected
the nearness of the glasslike anomaly around 53 K and thender hydrostatic pressure. In fact, a positive hydrostatic-
unusual overall temperature dependence ofthéattice pa-  pressure coefficient has been found in the magnetic and
rameter. Yet a determination of the sign and the approximatgransport measuremerifs'>** A similar, positive-pressure
size of the anomalies for each axis is still possible: there igffect has been observed also for the anomalies in the elastic
almost no anomalous contribution visible fag, but a dis- constants. At ambient pressure, a pronounced softening of
tinct negative anomaly fow; cf. the dotted line represent- ultrasonic modes has been detected at 38 K and 46 K for
ing the approximate background contribution. The largest efx-Br and k-Cu(NCS), respectively® 73 These sound veloc-
fect, i.e., a sharp maximum at* =45 K, is found fore,«. ity anomalies have been assigned to a magnetic origin due to
Again, as for k-Hg-Br, the signs of these anomalies are their phenomenological relation to the NMR resudft$dow-
strictly anticorrelated with those of the discontinuitiesTat ever, an alternative interpretation in terms of a structural
there is almost no anomaly i, both aroundr'* and atT,; phase transition could not be excludédwing to the large
a positive jump ina; at T is accompanied by a negative response of the anomaly a(T), thermal expansion mea-

1. Phenomena and analysis
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surements provide a most sensitive tool to investigate thesi
effects in detail. In particular, a comparative study covering

"ethylene-liquid" state

various related (ET)X compounds is helpful to find out the 100 | T 4
relevant structural and/or electronic parameters involved. In- E o< g lfs;;:v';;;é'%"'i ]
terestingly enough, corresponding features are absent il i N e X T
B"-(ET),SKCH,CF,SO; (T.=5 K, large discrete I ¢
anions, k-(ET),l; (T.=3.5 K, linear anionsas well as %) I T»x

=

a-(ET),KHg(SCN), (nonsuperconducting; thick, polymeric
anions,’* showing smooth, Debye-like temperature depen- :
dences ofx(T) along all crystal axes for temperatures up to I
200 K. Accordingly, purelyntramolecular changes of the ET I :
molecule can be ruled out to account for ffife anomalies in

10 |

the x-Br and k-Cu(NCS), salts. Obviously, the peculiarities 1 :

of the packing arrangement and the coupling to the charge . C“1N<CN>JC‘1L?;«JJ§*]W c..(Im -— Pryar.
compensating anions, both of which result in a very similar 2 ) 1 Kbar

electronic structure for the latter two salfsut a slightly FIG. 6. Temperature/hydrostatic-pressure phase diagram for the

different one for the various othegrsare crucially important  «-(BEDT-TTF),X title compounds. Arrows indicate the location
for the anomalies af* . An intimate relation to the electronic of different compounds at ambient pressure. Solid lines represent
structure is in line with the absence of corresponding feature®ie hydrostatic pressure dependencesTfand T, taken from
in both the nonmetallix-Cl as well as in the deuterated the literature. Circles denote-(ET),CUN(CN).]CI, down and

. : triangles denote deuterated and hydrogenated
x-Dg-Br (cf. Fig. 1), and is also corroborated by our supple- up X
mentary investigations on the isotope effect: For theK'(ET)ZCL{N(CN)Z]Br’ respectively, and squares stand for

k-(ET),Cu(NCS). The superconducting and antiferromagnetic
x-Cu(NCS), salt we compared, (T) of the pure system to transitions are represented by solid and open symbols, respectively.

that of crystals with various isotope substitutions. This in-piamonds stand for the glasslike transitions and crosses for the
cludes not only the deuterated; @ounterpart but also iSo- maxima of the anomalous expansivity contributiai at interme-
tope substitutions at the anion as well as the cation sites. F@fiate temperatures 30-50 K. In the shaded area anomalies in mag-
the latter, ax-(D§°C3'Sg-ET),Cu(NCS), crystal yielding a netic, transport, and elastic properties have been obsédegélils
mass change of 28 amu per ET molecule has been investire explained in the text

gated. For all isotopically labeled crystals the maximum in

a, (T) could be reproduced in detail without any significantin T* will result in a reduced remaining FS and, thus, in a
shift in T*. From the absence of a measurable isotope shiftdrop of T,. Such an anticorrelation of the uniaxial-pressure
cooperative structural changes in the ethylene end groups @sefficients ofT* andT, is exactly what we have found in
well as in the anion omtermolecular rearrangements in the our experiment. Such a scenario implies that cooling through
cation system can be ruled out. Hence, we propose that thHe* is accompanied not only by a reduction of the spin sus-
anomaly afT™* is caused by the electronic structure; i.e., theceptibility, as has been seen in several of the above-
Fermi-surface topology, which, according to band structurgnentioned experiments, but also by the development of a
calculations, should be similar for theBr andx-Cu(NCS), ~ (weak magnetic anisotropy. To check for this possibility, we
salts>® The presence of strong antiferromagnetic interactionsave initiated a careful study of the spin susceptibility on the
as seen in the NMR experiments then would hint at a spivarious «-(ET),X salts which, in fact, confirms our
density wave although such a state seems to be incompatibésxpectation®

with the width of the NMR lin€’> We propose that below* It remains to be seen whether the disappearance of a mi-
some kind of density wave forms which—for nor part of the Fermi surface would be compatible with the
T<T.—coexists with superconductivity. The density-wave results of the Fermi-surface studies on these materials.
state is likely to involve the small, quasi-one-dimensional

portions while leaving the major two-dimensional parts of VIl. CONCLUSION
the FS unaffected. The latter is subject to the superconduct- '
ing instability in thex-Br and k-Cu(NCS), salts. We sup- Figure 6 summarizes our results on the varigudET), X

pose that a relative shift of one of these FS portions in favocompounds discussed in the present paper. To this end we
of the other can be induced by the application of uniaxialuse as the abscissa hydrostatic pressure following the sug-
pressure: For instance, uniaxial pressure along certain crygiestion of Ref. 7. The positions of the various salts at ambi-
tallographic directions may destroy the nesting properties oént pressure are indicated by the arrows. The solid lines rep-
the quasi-one-dimensional parts, thereby destabilizing theesenting the phase boundaries from the PM to the SC and
density-wave state and causing a negative-pressure coeffdF| states refer to the results of hydrostatic-pressure studies
cient of T*. As a consequence, the remaining quasi-two-of T, and Ty.”""2®*It is important to keep in mind, how-
dimensional parts of the FS will increase. Since this willever, that the pressure effects are highly anisotropic. In an
reinforce superconductivity, an increase Tf is expected. attempt to find out the relevant directional-dependent
On the other hand, those uniaxial-pressure conditions thanaterial-to-properties correlations, no simple systematics
improve the nesting properties and, by this, cause an increageas found for thentraplane pressure coefficients . On
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the other hand, a feature common to all systems studiethinor parts forms belowl*. This scenario implies that the
among thek-(ET),X salts is the large negative effect for density wave and superconductivity involve disjunct parts on
uniaxial stress perpendicular to the planes on bijthand  the Fermi surface and compete for stability.

Tn. In both cases the pronouncéuterlayer effect domi- Although electron correlations are important for the
nates thel . and Ty shifts found under hydrostatic-pressure quasi-2D organic superconductors, we have shown that a
conditions. Our results provide clear thermodynamic evi-phase diagram solely based on electronic degrees of freedom
dence for a second-order phase transitio,@=27.8 Kin is not appropriate. This is supported by recent theoretical
x-Cl. investigations of the 2D Hubbard model and its application

At elevated temperatures, a glass transitiolghas been  to thex-Br andx-Cl salts’® It has been found that orsingle
identified that defines the boundary between an ethylene ligparameter like the Coulomb repulsidthe;, the effective
uid at T>T,4 and a glassy state dt<T, (dotted ling: at  transfer integralstes, or the orthorhombic distortiort/a
temperatures abovE,, the motional degrees of freedom of cannot govern the physics of the AFI/SC interface. It is a
the ethylene end groups can be excited and thus contribute @mbination of electronic correlations, electron-phonon cou-
the specific heat and thermal expansion whereas b&lpav  pling, and interlayer effects as well as the influence of lattice
certain disorder is frozen in. The glasslike transition which isdisorder which have to be considered in order to understand
structural in nature has been shown to imply time depenmore clearly the interesting physics of thke(ET),X title
dences in electronic properties. We discussed possible implsompounds.
cations on the ground-state properties«eBr in terms of
frozen-in lattice disorder depending on the cooling rate em-
ployed atT.

At intermediate temperatures, an anomalous expansivity We acknowledge fruitful discussions with F. Kromer, T.
contribution 88(T) has been observed &t for the super- Cichorek, B. Wolf, S. Zherlitsyn, A. Goltsev, C. Meingast, P.
conducting salts, symbolized in Fig. 6 by crosses. Thesé&lagel, and K. Maki. Work at Argonne National Laboratory is
anomalies coincide with various features observed in magsponsored by the U.S. Department of Energy, Office of Basic
netic, transport, and elastic propertishaded area Energy Sciences, Division of Materials Sciences, Divisions

We proposed that, instead of a pseudogap on the wholef Materials Science, under Contract No. W-31-109-ENG-
Fermi surface, a real gap associated with a density wave o88.
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