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Fermi-surface topology and the effects of intrinsic disorder in a class of charge-transfer salts
containing magnetic ions: 8”-(BEDT-TTF),[ (H30)M(C,0,)3]Y (M=Ga, Cr, Fe; Y=CsHsN)
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We report high-field magnetotransport measurementg8o(BEDT-TTF),[ (H;0)M(C,0,)3]Y, whereM
=Ga, Cr, and Fe anf=CsHsN. We observe similar Shubnikov—de Haas oscillations in all compounds,
attributable to four quasi-two-dimensional Fermi-surface pockets, the largest of which corresponds to a cross-
sectional area=8.5% of the Brillouin zone. The cross-sectional areas of the pockets are in agreement with the
expectations for a compensated semimetal, and the corresponding effective masses,amather small
compared to those of other BEDT-TTF salts. Apart from the case of the smallest Fermi-surface pocket, varying
the M ion seems to have little effect on the overall Fermi-surface topology or on the effective masses. Despite
the fact that all samples show quantum oscillations at low temperatures, indicative of Fermi liquid behavior, the
sample and temperature dependence of the interlayer resistivity suggest that these systems are intrinsically
inhomogeneous. It is thought that intrinsic tendency to disorder in the anions and/or the ethylene groups of the
BEDT-TTF molecules leads to the coexistence of insulating and metallic states at low temperatures. A notional
phase diagram is given for the general familyg¥t(BEDT-TTF),[ (H;O0)M (C,0,)3]Y salts.
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[. INTRODUCTION impurities and disorder, suggesting that this is evidence for
d-wave superconductivit§f

Superconducting charge-transfer salts of the molecule In order to address some of these issues we have studied a
BEDT-TTF have attracted considerable experimental andhew family of charge-transfer salts of the form
theoretical interest because of their complex pressure8”-(BEDT-TTF),[(H;0)M(C,0,4)3]Y, whereM is a mag-
temperature P, T) phase diagrams, some of which are su-netic [CP®" (S=3/2), Fé" (S=5/2)] or nonmagnetic
perficially similar to those of the “highF,” cuprate [Ga&" (S=0)] ion andY is a solvent molecule such as
superconductors:® For example, the superconducting phaseCsHsN (pyridine), CsHsCN (benzonitrilé or CsHsNO, (ni-
in the k-(BEDT-TTF),X salts is in close proximity to an trobenzeng Y essentially acts as a template molecule, help-
antiferromagnetic insulatdr® and/or Mott insulatof; it is  ing to stabilize the structure; its size and electronegativity
also surrounded by other unusual stdt2sncluding what  affect the unit cell volume, and the amount of disorder in the
has been termed a “bad metdl.Recent magnetizatidh, systen?'~2The unit-cell volume is also affected by chang-
thermal expansiof,and resistivity® experiments suggest ing theM ion inside the trigoxalaté structure??232526Fyr-
that this “bad metal” may in fact represent toheexistencef  thermore, a subsidiary motive for varying is to search for
Fermi-liquid-like and insulating phases. The presence of botipotential role for magnetism in the mechanism for
metallic and insulating states at low temperatures is probablguperconductivity® In this context, the magnetic charge-
related to progressive freezing-in of disorder associated witlransfer salti\-(BETS),FeCl, (Refs. 27,28 has been found
the terminal ethylene-groups of BEDT-TT#which can adopt to exhibit a field-induced superconducting state in fields
either a “staggered” or “eclipsed” configurationand/or =17 T. Whilst these data appear to be explicable by the
with the anionsX.}!"1°As yet there is no strong theoretical Jaccarino-Peter compensation effdct*°others have sug-
concurrence on the mechanism for superconductivity in thgested that the Fe ions play some role in the supercon-
BEDT-TTF salts>® with electron-electron interactions, spin ducting staté®3! Although there are many detailed
fluctuations;’ charge fluctuation® and electron-phonon differences between individual samples, thes’-
interactiond® under consideration. It is therefore unclear as(BEDT-TTF),[ (H;0)M(C,0,)5]Y salts show two distinct
to whether the mixed insulating/metallic phase referred taclasses of low-temperature behavior, superconducting and
above is a prerequisite for or a hindrance to superconductivmetallic as summarized in Fig. 1, which shows the interlayer
ity. However, a recent paper has pointed out the sensitivity ofagnetoresistivityp,, (see Sec. )l of three samples at a
the superconductivity in BEDT-TTF salts to nonmagnetictemperatureT=0.50 K. Salts withY=CzHsCN (benzoni-

0163-1829/2004/68)/08511211)/$22.50 69 085112-1 ©2004 The American Physical Society



COLDEA et al. PHYSICAL REVIEW B 69, 085112 (2004

L5
1.0 F ; P : ® 0
05} ‘b;:)i 3 Fd
o) . @usarcupo, R B EE ety
g
2
&
N (b) M=Fe Y=C H.CN FIG. 2 Monoclinic  crystal  structure  of
’ B"-(BEDT-TTF),[ (H;0)M(C,0,)3]CsHsN projected along thea
axis (Ref. 22.
1'2 B - . . .
of which obey the additive relationship expected for a
compensated semimetal. The results are discussed in Sec.
1oL V and a notional phase diagram for the3"-
(c) M=Ga Y=CHN (BEDT-TTF),[ (H30)M(C,0,);3]Y salts is proposed show-
0 s 10 15 20 25 30 ing the influence of unit cell size and disorder. A summary is

B(T) given in Sec. VI.

FIG. 1. Magnetic-field dependence of the interplane resistivity,
pz; for B"-(BEDT-TTF),[ (H30)M(C,0,4)3]Y samples containing

different Y molecules and transition metal iobvs Data are shifted The B"-(BEDT-TTF),[(Hs0)M(C,0,)5]Y samples
vertically for clarity. Salts with (@ Y=CeHsNO, or (b) Y\ ere grown using electrocrystallization techniques as de-
=CgsH5CN typically exhibit superconductivity, negative magnetore- scribed elsewherg—23 they are generally~1Xx1x0.2
sistance and a simple set of Shubnikov—de Haas oscillations. qumg hexagonal plaltelets or needles. It is possible to deduce
contrast, the(c) ¥ =CsHsN (pyriding salt shows no superconduc- {he upper and lower faces that are p.arallel to the highly con-
tvity, positive magnetoresistance and a complex series Oducting quasi-two-dimensional planes by visual inspection
Shubnikov—de Haas oscillations; this is entirely typical of the salts 9 g P y p L
containing pyridine. Electrical contacts were made to these surfaces by using

graphite paint to attach 12m platinum wires. The inter-
trile) or CHsNO, (nitrobenzenk are superconductofd2¢  |ayer (magnetaresistanceR,, = p,, (Ref. 3 was measured

At temperatures below the superconducting-to-normal tranys_m_g standard four-terminal ac techniques. This involvgs
sition, they tend to exhibit negative magnetoresistance, offf1Ving the current and measuring the voltage between pairs
which is superimposed one or two series of Shubnikov—g@f contacts on the upper and lower surfatégagnetoresis-

Haas oscillations of relatively low frequenty/On the other tance experiments were (_:arried out "? quasistatic fields pro-
hand, salts withy =CsH<N are not superconducting; they vided by a superconductive magnet in Oxford and a 33 T

exhibit positive magnetoresistance, and display a comple®!te coil at NHMFL Tallahassee. The crystals were
mixture of higher-frequency Shubnikov—de Haas osciII<'1-”_10ume_OI Ina He cryostat Wh'ch allowed rotation to _aII pos-
tions. In this paper we shall concentrate on e CgH:N sible orientations in magnetic field; sample orientation is de-
salts, deriving their Fermi-surface parameters and quasipafin€d Py the angley between the direction of the magnetic
ticle scattering rates whereas the superconductors wit}{€!d @nd the normal to the quasi-two-dimensional planes and
Y=CgHsCN or C;HsNO, are described in detail in another € azimuthal angle). Sample currents between 1 and
paper* However, in deriving a general phase diagrésec. 25 uA were used at typical frequencies 18-300 Hz. Al-

V) we shall discuss the latter superconducting materials iﬁhou?]h ”a][ound 20 crystalsh have b_eer studiled, i? thishpaplq
general terms alongside the=CcHgN salts, we shall focus on two or three typical samples of each salt;

This paper is organized as follows. Experimentalsamples are distinguished by the consistent use of a label

details are given in Sec. Il whereas the relevant struc(€-9~M=Cr, sample A.
tural details and the behavior of thepg"-

IIl. EXPERIMENTAL DETAILS

(BEDT-TTF),[ (H30)M(C,0,)3]CsHsN samples on cool-  1ll. STRUCTURAL CONSIDERATIONS AND DISORDER
ing from room to cryogenic temperatures are given in IN THE LOW-TEMPERATURE PHASE
Sec. lll, which also outlines the mechanisms which intro-

duce disorder. Magnetoresistance data analyzed in Sec. A. Structure and bandfilling

IV shows the Shubnikov—de Haas oscillations which Figure 2 shows a projection of the crystal
suggest that there are four Fermi-surface pockets, the areagucture along the a axis of the B"-(BEDT-
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TABLE |. Lattice parameters of3”-(BEDT-TTF),[ (H;O)M(C,0,)3]Y salts (C2/c symmetry group
measured around 120 K.

M/Y a(A) b(A) c(A) B V(A3 T(K) Ref.

Ga/GHsNO, 10.278 19.873 35.043 93.423 7145.2 100 22
Cr/CsHsNO, 10.283 19.917 34.939 93.299 7144.4 150 26
Fe/GHsNO, 10.273 19.949 35.030 92.969 7169.6 120 26
Cr/CsHsCN 10.240 19.965 34.905 93.69 7121.6 120 25
Fe/GHsCN 10.232 20.043 34.972 93.25 7157 120 21
Ga/GH;sN 10.258 19.701 34.951 93.366 7051.9 120 22
Fe/GHgN 10.267 19.845 34.907 93.223 7101.0 150 23

TTF).[ (Hs0)M(C,0,)5]CsHsN salts, and Table | gives the are able to adopt different configuratioftaiisted/staggered
lattice parameter&around 120 K for all compounds studied Or eclipsed depending on how they interact with the anion
in this paper and in Ref. 24. The structure consists of altertayer??23 Moreover, since €HsN is smaller than the other
nating BEDT-TTF and anion layers, the latter containing thetemplating Y molecules, it does not fill the whole of the
metal trigoxalateé [M(C,0,)3]°", the ion HO™ and the hexagonal cavity. Changing the solvent molecule friym
solvent moleculeY. The molecules in the anion layer lie in a =CgHsNO, to Y= CsHsN induces additional structural free-
“honeycomb” arrangement with alternate;8" and metal dom, leading to disorder in around one quarter of the termi-
oxalates giving an approximately hexagonal network of cavinal ethylene group&23As a result, the ethylene groups are
ties in which the solvent moleculé lies. The solvent mol- the dominant cause of both static and dynamic disorder at
ecule helps to stabilize the structure; the plane of phenyl ringnigh temperatures, and static disorder below 90 K, the tem-
makes an angle of~32-36° to the plane of the oxalate perature around which the two different configurations are
layer®32>25The metal ionM is octahedrally co-ordinated to “frozen in,” ?? as found in thex-phase salts:~*3
the oxalate ligands and the oxygen atoms on the oxalates are The GHsN molecule can also introduce disorder by
weakly bonded to the hydrogen atoms on the terminal ethyladopting two different orientations in the anion layer. By
ene groups of the BEDT-TTF molecules, acting to pull thesecontrast, the other solventsY=CzHsNO, and Y
together. The BEDT-TTF molecules adopt t8& packing =CgHsCN, lock into one ordered configuratif.
arrangement in thab planes, in which they form roughly Having discussed the various mechanisms for disorder,
orthogonal stacks. The crystallographic structure of our comwe shall now examine how disorder is manifested in the
pounds is monoclini¢see Table )l with the (ab) conducting  resistivity of the samples.
planes at a distance df=c/2 from each other, as shown in
Fig. 2 C. The temperature dependence of the resistivity

By far the shortest S-S distances are within the cation The t wure d d fth lized interpl
planes, leading to a predominantly two-dimensional band . € lemperature dependence ot the hormaiized interplane
structuré?*32 Each BEDT-TTF molecule is expected to do- 'colotance, R:AT)/R,(286 K), for five typical
nate half an electron, leaving two holes per unit cell. Band® '(BEDT'TTF)4[_(H3O)M(CZQ“)3]C5H5N samples IS
structure calculations based on the room temperature crysta?-hOWn in Fig. 3; for comparison, equivalent data fdr

lographic data suggest these salts should be compensatgfnea’ Y:C6H5N_02 are displayed in the inset. Whilst many
the features in the data are quite sample or cooling-rate

semimetals, with a Fermi surface consisting of quasi—two—O o 4
dimensional electron and hole pockets of approximatel)fiepe.nde_m’ aII.of the sam.p.IeM(—Ga, cr, Ee) are consis-
equal ared? Although BEDT-TTF salts and their relatives tent In displaying a transition from metalllc-yype behawor
are frequently compensated semimefakie electronlike (POSitive dR,,/dT) to insulating-type behavio(negative
Fermi-surface component is often a pair of open sheets; 4Rez/dT) at Ty ~150 K. Values ofTy, are listed in Table

closed electron pocket is relatively unusual, but it was found"™ . , ) h
in B"-(BEDO-TTF),ReQ,H,0.3 The minimum in resistance @Y, Mmay represent the onset

The interlayer transfer integrals will be less Of @ Possible form of density-wave state. Quasi-two-
straightforward  to calculate in  the B"-(BEDT- dimensional conductors in which the Fermi surface is com-

TTF),[ (Hs0)M(C,0,)5]Y salts; the planes of the BEDT- p_Ieter gapped by a density wave exhibit a resistivity that
TTF molecules in adjacent layetas well as those of the rises by several orders of magnitude as the temperature

; ; ; falls, as found for (BEDT-TTR)CI,2H,O (Ref. 34.
anion layers are twisted with respect to each other by 62 .
+ 90 ; . 5 By contrast, the resistance of theB”-(BEDT-
+2°, an unusual feature in BEDT-TTF safts? TTE) (HaO)M(C,00)s]CeHeN salts (shown in' Fig. 3
only increases by a factor 6f1.5-3. The latter behavior is
similar to that of quasi-two-dimensional conductors in which

The B"-(BEDT-TTF)4[(HsO)M(C,0,)3]Y salts are a density wave only partially nests the Fermi surface, leaving
prone to structural disorder primarily because the terminabehind residual Fermi-surface pockets as found for the Mo
ethylene groups+{ CH,CH,—) of the BEDT-TTF molecules bronze$® and «-(BEDT-TTF),KHg(SCN),.*® In such

B. Disorder mechanisms
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All of the Y=CgH;sN crystals also consistently exhibit a
feature at a lower temperaturg,~60-80 K(shown in Fig.
3). However, depending on the sample, this is manifested
either as a change from insulating- to metallic-type behavior
(M =Ga, all samplesiM =Cr, sample BM =Fe sample A
or as merely a shoulder on a resistivity that continues to
increase with decreasing temperatutd € Cr, sample A;
M=Fe, sample B Such a feature is also indicative of a
number of contributions to the conductivity acting in paral-
. , . lel. For example, it is possible to reproduce the behavior of
R M=Cr, sample B between 60 K anBby, using a resistor
network model that combines metalligesistivity «T",
with n~1-2) and thermally-activated components
xexpEx/kgT) (see also Ref. 38Although the exact values
obtained depend on the details of the resistor network model
0 used, the values dE, obtained from fitting data betweéln,
0 50 100 150 200 250 300 and T,, showed a consistent increase frawh=Fe (Ej,
LS ~170-220 K) throughM=Ga (E,~300 K) to M=Cr
(EaA~400-500 K), i.e., the activation enerdg, increases
with decreasing unit cell volumésee Table )l
T T - T T The features discussed thus far do not seem to depend on
sample cooling rate. By contrast, in all filk¢=Cr samples
studied, there is an additional peak in the resistivityTgt
~200-270 K, the appearance and temperature of which
both depend on the sample cooling rate. By contrast, samples
with M =Ga, Fe only exhibit a small inflection &t. At the
lowest temperaturesR,(T)/R,A(286 K) values ranging
from around 0.5 1 =Fe, sample Ato 7 (M =Cr, sample
A) are obtained(Fig. 3); the actual value reached seems
more dependent on the sample batch rather than the identity
of the M ion (e.g., comparé/ = Cr, samples A and B This
points to a prominent role for disorder in determining the
T (K) low-temperature resistive behavior of thg”-(BEDT-
FIG. 3. Temperature dependence of the normalized interplan;arT;);[-I@_t'ggégﬂ Egziiéﬁ]%ssrgsiss?il\t/iy ol =Cr sample B

;i?:ti:sca;zq ()éF;ZB(TZ_STGTg [I?HZ(g')OMr?ggge)tl(jél?_l'dl\fo\:\li?;lff?;?nt drops quite sharply, although zero resistance is never at-
P a3 2743 =51 tained. A similar drop in resistance féd =Ga below 2 K,

M=Ga (sample the inset shows pB”-(BEDT- . . .

TTF)4[(H3£))M(F)C:204)3AjY vf/ith M=Ga, Y=CGH5NO€ f(()r com- whlch was destroyed by an applied field of 0.15 T, was pre-

parison), (b) M=Cr (sample B [the inset showdvl =Cr (sample viously reported as evidence for Supergonduct@ﬂtﬁow

A)] and (c) M =Fe (samples A and B The arrows indicate the €Ver, none of thé/=Ga samples studied in the present work

temperatures described in the text. exhibited such a feature. This is possibly related to the recent
observation that superconductivity in the BEDT-TTF salts is

L ) ) very sensitive to disorder and nonmagnetic impuritfes.
cases, the conductivity is a convolution of a metallic COmpo- 5 the other hand. a robust superconducting state is sta-

nent, typically varying as a power law in temperat(dlge to  pijized below T,=7 K for M=Ga andY=CgHsNO, [as
the unnested portions of the Fermi surfaaad an insulating  shown in the inset of Fig. @] and for M=Fe andY
component with an activated temperature dependéheeto =CgHsCN [Fig. 1(b) and Ref. 21 For completeness, note
the energy gap of the density-wave siafeThe exact form  that both of the latter superconducting salts show a single
of the resistivity depends on which component dominatesmetal-insulator transitiofisee inset of Fig. @)] similar to
An alternative scenario that could potentially lead to similarthat observed aTy, in the Y=CgHsN salts. However, for
resistivity behavior is the segregation of the sample into inthe superconducting salf,, seems somewhat sample de-
sulating and metallic domairié,as also proposed for the pendent; values ranging froffiy, =68 K (Ref. 24 to T,
x-(BEDT-TTF),X salts(see Ref. 9 and references thejein ~160-180 K(Ref. 22 have been reported for thd = Ga,

In Sec. IV we shall see that the Fermi-surface topology isY=CgHszNO, salt.

more complicated than that predicted by the band structure To summarize this section, the resistivities of the
calculations, which may be additional evidence that the trang”-(BEDT-TTF),[ (H;0)M(C,0,)3]CsHsN salts exhibit a
sition at Ty, is associated with the formation of a density complex temperature and sample dependdfég 3). The
wave. minimum inR,, at T\, is an intrinsic feature of all samples,

| (a) M=Ga
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TABLE II. Parameters associated with the band structur@6{BEDT-TTF),[ (H;0)M(C,0,)3;]CsHsN for magnetic fields perpen-
dicular to the highly conducting quasi-two-dimensional planes. Values for several samples with differarg given. TheF are
Shubnikov—de Haas frequencies, the subscuptstc. identifying the associated Fermi-surface pocketnitieare corresponding effective
massesTp; is the Dingle temperature fdf 5, andT),, is the metal-insulator transition temperature identified in Fig. 3.

Parameters M =Ga(A) M =Ga(B) M=Ga(C) M=Cr(A) M =Cr(B) M=Cr (L) M=Fe(A) M =Fe(B)

F. (M 48 50 49 39 38 40 45 45
Fg (T 89 85 92 95 95 98 94 92
F' (T) 205 190 190 195

F” (T) 247 240 235 243 243

F, M 292 296 297 296 286 305 307 305
Fs(T) 344 345 346 344 343 357 346 344
my; (me) 1.9+0.3 1.3:0.2 0.56-0.05 0.54:0.05 0.5-0.1 0.8£0.1 0.6£0.1
m;;(mg) 0.56+0.05 0.510.05 0.62:0.05 0.63:0.05 0.62:0.05 0.68:0.05 0.76-0.05
m’ (me) 0.7£0.1 1.0x-0.05 1.08-0.05

m(me) 0.98+0.05 0.95-0.05 0.93:0.05 1.04£0.05 0.98:0.05 0.9-0.1 0.9:0.1 1.10.1
Tps (K) 2.7x0.1 2.3:0.2 1.70.2 1.8£0.1 1.4£0.2 2.5-0.5 4+0.5 4.2-0.1
Tw (K) 138+2 142+1 120+20 1502 153+2

and, by analogy with resistivity data from other quasi-two-slowly with temperature, suggesting the corresponding effec-
dimensional systems, probably indicates the onset of &#ve masses are not very large.

density-wave state. The form of the resistivity at tempera- No clear signature of superconductivity was observed ei-
tures just below thigincluding the peak at,,) suggests me- ther in the field, angle or temperature dependendg, pfor
tallic and thermally-activated contributions to the conductiv-B”-(BEDT-TTF),[ (H;0)M(C,0,)3]Y salts when Y

ity acting in parallel. At lower temperatures, the behavior=CsH;N, in contrast to the case in whidh= CsHs;NO, and

of the samples is much more divergent, withY=CgHsCN, [as shown in Fig. 1 and inset of Fig(&3].
R,AT)/R,286 K) values spread between 0.5 and 7 indicat- In order to analyze the Shubnikov—de Haas oscillations,
ing an additional thermally-activated process processgs we define the oscillatory fraction of the magnetoresistance,
which is (are probably dependent on the degree of disorder

within the samples. By contrast, the temperature-dependent AR,; R, Ry

resistivity is rather simpler for the B"-(BEDT- R, R, (1)
TTF)4[ (H30)M(C,0,)5]Y salts withY=CsHsNO, and Y zz ”

=CgHsCN. The difference may be attributable to the higherHere Ry, is the slowly-varying background magnetoresis-
degree of structural disorder possible in ¥ve CsHgN salts,  tance approximated by a polynomial iB. As long as
resulting from the less constrained ethylene groups andR,,/R,,<1, AR,,/IR,~—Acy,long, Where theo are
greater rotational freedom of thémolecule?? Similar elec- equivalent terms in the conductiviy’2 [A o, /oy, is the
tronic properties determined by the disordered ani@hat ¢ antity dealt with in the Lifshitz-KosevichLK) treatment
'0,(,* intotwo_different conflguggtlorjs were found for o shypnikov—de Haas oscillatidhsised to extract effective
B"-(BEDT-TTF),SF,CHFCR,SO;,™ for which resistivity  masses and the scattering time of the quasiparficiEse
shows a metal-insulating tran5|t|on near 190 K, compare(ARZZ/RZZ values were processed using both the maximum
with ~ the superconducting  compound, 8"-(BEDT-  gniropy method MEM) (filter size=200) (Ref. 43 and the
TTF)Z%EZCFZCFZSQ (Tc=5.4 K), which has ordered ta5t Fourier transform(FFT) usually over the field range

anions. 7-32 T. The two methods give similar representations of the
frequencies present, as shown in the right panel of Fig. 4.
IV. LOW-TEMPERATURE MAGNETORESISTANCE We identify four frequencies which occur consistently in

all of the transforms over the complete temperature range
(see Figs. 4 and )5 and are similar in all
Figure 4 shows the field dependenceRy, for several B"-(BEDT-TTF),[(H30)M(C,0,4)3]CsHsN samples with
samples of B"-(BEDT-TTF),[ (Hz0)M(C50,)3]CsHsN M=Ga, Cr, and Fe. These frequencies &rg~38-50 T,
with M=Ga, Cr, and Fe measured at several temperaturds;~86-98 T, F,~293-308 T, andF;,~345-353 T, the
between 0.50 K and 4.2 K. All samples exhibit ranges cover the values observed in the different samples
Shubnikov—de Haas oscillations superimposed on a positivesee Table I). In addition, two other peaks, with frequencies
background magnetoresistance. Several frequencies are vis:~190-206 T andF"~236-248 T, were observed less
ible in varying proportions. For example, the dominant serieconsistently in the transforms. The peak at very low frequen-
of oscillations forM=Cr is of relatively low frequency, cies (=20 T) is an artifact of the subtraction of the back-
whereas the dominant oscillations fbt=Ga, Fe are of a ground magnetoresistance; its position and amplitude de-
higher frequency. The amplitude of the oscillations variespends on whetheR,, was approximated by a second or

A. Shubnikov—de Haas frequencies and Fermi-surface pockets
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FIG. 4. Magnetic field dependence of the interplane resistaRge,for B”-(BEDT-TTF),[ (H;0)M(C,0,)3]CsHsN samplesM = Ga
[samples A(a) and B (d)], M=Cr [samples A(b) and C (B)] and M=Fe [samples A(c) and B (c)], recorded betweerl
=0.5—-4.2 K. The right pang¢(a"), (b"), and (¢)] corresponds to the maximum entropy mettitmp solid line$ and fast Fourier transform
spectra(bottom solid line} of the oscillatory component of the resistantéR,,— Ryg)/Ryg, WhereRy, is a polynomial fif over the field
range 7—-32 T, the transforms correspond to the data from the left pailet @5 K. The dashed vertical lines indicate the approximate
positions of the frequencies discussed in the text.

fourth-order polynomial inB. In some cases, the peak at tude varies more slowly with temperature than that of the
frequencyF,, is superimposed on the flank of this feature, oscillations due to the two “parent” orbif€ The fact that,
making a precise determination of the frequency difficult. when present, the oscillations &t' are suppressed much
Because of their dependence on temperatsee below, more rapidly with increasing temperature than any of the
magnetic-field orientatiortall frequencies vary as 1l/ces  possible parent frequencies suggests that CPOE is the more
where ¢ is the angle between the magnetic field and thdikely explanatiori®>!
normal to the quasi-two-dimensional plaffsnd their con- At this point, it is worth recalling that the band structure
sistent appearance in the transforms, we attribute thealculations predict only two Fermi-surface pockets, of equal
Shubnikov—de Haas frequencies, Fgz, F, andF; to the area>? whereas the experimental data suggest four pockets.
extremal orbits about four independent quasi-two-There are several potential reasons for this difference. First,
dimensional Fermi-surface pockets, which we lakg|B, 7, whilst extended-Hckel calculations often give a reasonable
andé. As for the other peaks, we note thatRas~2F 5, it is qualitative description of the Fermi surfaces of many BEDT-
likely to be a second harmonic of the oscillations due to thel TF salts} the 8" phases have proved problematic; slight
B pocket. differences in input parameters seem to result in differing
The peak seen occasionally in the transforms at a frepredicted topologies[as in the case ofg"-(BEDT-
quencyF” seems likely to result from frequency-mixing ef- TTF),AuBr, (Ref. 50]. Secondly, the band structure calcu-
fects and it can be constructed using a variety of recifies  lations are based on structural measurements carried out at
exampleF"~F ,+2F 3, F"~F —F,, F"~Fs—Fj). Such relatively high temperat_ure?sz; contrgctior? of the IattiC(_e
frequency-mixing effects in quasi-two-dimensional metalscould result in changes in the relative sizes of the various
are often attributable to the chemical potential becomingransfer integrals, leading to shifts in the bands with respect
pinned to relatively sharp Landau levels over restricted refo the chemical potential. Finally, the presence of a series
gions of magnetic fieldthe so-called “chemical potential Of pockets could be a consequence of a Fermi surface
oscillation effect” (CPOB],***® which, in some cases, very reconstruction determined by a possible charge-density wave
complex mixed harmonics are generatédnother possibil-  at Ty, of the g"-(BEDT-TTF),[ (H30)M(C;04)3]CsHsN
ity which can determine a difference frequency is the Starlksalts. Similar Fermi-surface reconstructions have been sug-
quantum interference effe¢t;this represents “interference” gested for othep” salts, includings”-(BEDT-TTF),AuBr,
of two semiclassical Fermi-surface orbits between whichwhere a plethora of small Fermi surface pockets rejtiits
tunnelling can occur. However, the oscillations due to theB3”-(BEDO-TTF),ReQ,H,O (Ref. 33 and B"-(BEDT-
Stark quantum interference effect are usually characterize@TF),SR,CH,CF,SO;, where it appears that the Fermi-
by an apparent very light effective mass; that is, their ampli-surface nesting is more efficietft.
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50 Although the Shubnikov—de Haas oscillation frequencies
(a) M=Ga(B) are generally similar for the three 8”-(BEDT-
TTF)4[ (H;0)M (C,0,)3]CsHsN salts, there are detail dif-
ferences depending on the idh For example, thé-, fre-
quency of theM =Cr salts is consistently lower than that of
the M=Ga and Fe compounds. The appearance of the
Shubnikov—de Haas oscillations is also affected by the
ion; the highest frequency oscillation$ §) dominate the
spectra of the compounds witi = Ga and Fe, whereas that
of the compounds witlM = Cr is dominated by the low fre-
quency,F, (see Figs. 4 and)5This may be related to rela-
tively small differences in the scattering mechanisms, rather
than some intrinsic effect of the &r ion. Examples of
similar effects were observed in magnetoresistance data for
the low-field, low-temperature phases of-(BEDT-
TTF),KHg(SCN), and «a-(BEDT-TTF),TIHg(SCN),.*>*
The relative amplitudes of the various Shubnikov—de Haas
oscillation series vary from sample to sample, and batch to
batch, with some series being undetectable in what is pre-
sumed to be the lower-quality samples, whilst being rela-
tively strong in other crystalésee Secs. 1 and 5 of Ref. 53
and references cited thergin A second example is
B"-(BEDT-TTF),AuBr, for which comparison of the
magnetic-quantum oscillation data from Refs. 50, 54-56
shows that the relative amplitudes of the lower and higher-
frequency oscillation series varies considerably from sample
to sample.

For completeness, we mention that the superconducting
salts, Y =CgHsNO, with M=Ga and Cr andY=CgH;CN
with M =Fe show only two frequencies, with the low fre-
quency in the range 47-55 T and the high frequency in the
range 190—238

w

40 -

30

20

200 300 400 5004

FFT Amplitude (arbitrary unis)

B. Effective masses

A two-dimensional Lifshitz-Kosevich formu?a has been
used to extract the effective masses of the various Fermi-
surface pockets, where possible. The Fourier amplitude of
each series of quantum oscillations is given by

F(T)

. . . A20*R1RpRs, 2

FIG. 5. Fast Fourier transforms of Shubnikov—-de Haas oscilla-
tions for samples o3"-(BEDT-TTF),[ (H;0)M(C,0,)3]CsHsN.  WhereRy=X/sinh(X) is the temperature damping teriRy,

(@ M=Ga (B), (b)) M=Cr (A) and (c) M=Fe (A) recorded be- =exp(—X(Tp/T)) is the Dingle term T, is the Dingle tem-
tweenT=0.5 K andT=4.2 K. perature due to the broadening of the Landau levels caused
by internal inhomogeneities aki=14.694{/B)(m*/m,).

In spite of the larger number of Fermi-surface pockets The spin-splitting term Rg=|co(#/2)[(g* m*/my)/
observed experimentally, there are some similarities with theos(@)])|, whereg* is the effectiveg factor, is not consid-
calculated Fermi surface. First, the largest experimentagred here and it will be the subject of a future publicafibn.
pocket, s, is of a similar cross-sectional area 8.5% of the The Fourier amplitudes obtained over a field window
Brillouin cross sectionto the calculated pocket8.1% of  7-32 T were fitted to th&; term of Eq.(2) using around 8
the Brillouin-zone cross sectipi? Secondly, as noted above, different temperatures covering the range 0.5—4.2fdt
the B"-(BEDT-TTF),[(H30O)M(C,0,4)3]Y salts are ex- consistency, a polynomial of the same order was used to
pected to be quasi-two-dimensional compensated semimetadsibtract the background magnetoresistance for each sample
in which the cross-sectional areas of the hole Fermi-surfac€igure 6 shows typical amplitudes and corresponding fits for
pockets should sum to the same value as the total crosghe F; series. All of them* values obtained for the different
sectional area of the electron Fermi-surface pockets. We noteermi-surface pockets are listed in Table II.

that F,+F,~F;+F, to reasonable accuracyfable lI). To the limit of experimental error the effective masses for
This suggests that it and 5 are electrorthole) pockets, then the v and § pockets of the three salts are close to the free-
B and y will be hole (electron like. electron masan.. Whilst such values are light compared to
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Lo o JGar? ) -DDEE00S not very much affected by the presence of the magnetic ions
o M=Crm*5}m5=1_04i0,03 but it is much larger than that in our compounds4m,
0.8t % M=Fe m* (m)=0.90£0.10 (Ref. 30].
0.6
o~ C. Dingle temperatures
§ 0.4+ A further insight into the properties of our samples is
E given by the Dingle temperatur&,, which can be used to
=] Lol parametrize the scattering raf&!! the spatial potential fluc-
g tuations or a combination of the twWg° The T, values for
A OB the & pocket are listed in Table Il; typical fits are shown in
< o06f Fig. 6(b). Note thatTy is consistently larger for the com-
0.4 pounds withM =Fe (Tp~4 K, corresponding to a scattering
oal time of 7=0.3 ps) and is smaller for the salts wikh=Cr
’ (Tp=1.5 K, corresponding te~0.8 ps). This difference is
00 05 10 15 20 25 30 35 40 45 visible even in the raw data, with fewer oscillations being
T (K) visible for theM = Fe salt. As both compounds contain mag-
netic ions some form of magnetic scatteri(gyich as spin-
5L @ M=GaT=05K disorder scatterimg may be excluded as the reason for
O M=CrT=0.52K these differences and the degree of nonmagnetic disorder
4+ ¥ M=Fe T=0.8 K present, determined by the anions and the solvent is more
likely to be the determining factor.
g 3r Interestingly, there is no apparent correlation between the
< Al values of R,(T)/R,(286 K) (see Fig. 3 and the Dingle
= temperatures for each sampf€able Il). For example, the
iz 1+ sample with the largesR,(T)/R,(286 K)(=7) (M=Cr,
A sample A has aTp which is a factor 2.2 smaller than that of
Sﬁ/ Us the sample with the smalle®,(T)/R,(286 K)(=0.5) (M
- i =Fe, sample A The Dingle temperatures extracted from
Shubnikov—de Haas oscillations suggest tlat Cr, sample
25 A is of higher quality, wheread! =Fe, sample A has the
: ' : : ' : lower resistivity ratio. This strongly suggests that the
0.03 0.06 009 0.2 0.I5 0.18 samples are not of a uniform single phase at the lowest tem-

1/B (1/T) peratures but their overall properties probably represent a
mixture of metallic and insulating domains. Within this mix-

FIG. 6. (a) Temperature dependence of the Fourier amplitude ofyre, the metallic domains may well be of quite high quality,
the F; frequency in 8"-(BEDT-TTF),[(H;0)M(C;04)5]CsHsN a5 evidenced by the observation of Shubnikov—de Haas os-
for differentM. The solid line is a fit to the dat@oints using the  jjlations with a reasonably small Dingle temperature.
Ry term of Eq.(2) (solid line). The field window wad\B=7—-32 T Further support for such an idea is given by comparing
for the samples wittM = Cr (sample A andM = Fe (sample A and the values of R,(10 K)/R,(286 K)~0.5-7 seen in
AB=12-32 T for the sample wittM =Ga (sample A. Data for Fig. 3 with R 2(120 K)/R (2286 K)~0.001 obtained for
differentM are offset for clarity(b) The corresponding Dingle plots the. unambiguéusly meétzzillic Salt,B-.(BEDT-TTF) 1., 60
(IN[A,p sinh(X)/X] versus 1B, whereX=14.695m*T/B) for the Thi ¢ di i dicat that 2 3'|
F s frequency afT~0.5 K. The solid line is a linear fit to the data fralciior?re?)f tﬁganqyualssipazrit?clelsn I(i:r? Io?heﬁ”a(BgDTarge

(points. The field windows overlapped by less that80%. )
TTF)4[ (H;0)M(C,0,)3]CsHsN salts that are mobile at
room temperature do not contribute to the bulk conductivity

the typical masses observed in 8”"-(BEDT-  at low temperatures. This loss of charge carriers is presum-

TTF),SKCH,CF,SO; (Ref. 52 or the k- and a-phase ably related to the suggested density-wave transitiohat

BEDT-TTF salts;” they are not without precedent in charge- (which perhaps gaps part of the Fermi surfaaed to the

transfer salt§>3* The effective masses of the pocket are  subsequent “freezing out” of further quasiparticlésug-

somewhat smaller for th&1=Cr and Fe saltsrt*~mg2)  gested by the negativéR,,/d T values seen for several of
whereas in the case of thd=Ga salt, thex effective mass the samples as shown in Fig. Gaused by disorder at lower
seems rather larger. Apart from this, there is yet no evidenceemperatures.

that the magnetic moment on the nsM = Cr and Fe has In summary, it is most likely that the Dingle temperature

any effect on the effective masses. This is in contrast to thgives a gauge of only the quality of theetallic regions of

study onk-(BETS),FeCl,, where it was proposed that spin the samples, whereas tie (T)/R,(286 K) values are in-
fluctuation effects enhanced the effective ntds€n the dicative of the relative proportion of insulatirapd metallic
other hand, the effective massin(BETS),FeGa, ,Cl,is  domains within the crystals.
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o z g o tion in volume of the unit cell. The suppression of supercon-
z, z, b4 z, z, z . . . . . “ .
o = = = ductivity is accompanied by the increasingly “metallic
19 \ \J \J A ] character evidenced by the increase in the number and size of
i nj‘:l’ g & LI“?‘ g Fermi-surface pockets observetivo for Y=CgzHsNO,,
=53 = = = = C¢HsCN, four generally larger ones fof =CsHsN). This
‘ I 5 \ ‘ l \ trend is confirmed by hydrostatic pressure measurements of
the superconducting”-(BEDT-TTF),[ (H30)Ga(GO,)3]Y
5 5 oT salts, which showed that the superconductivity is destroyed
2 P and the number of Fermi-surface pockets increased by in-
100 / / Zo S % TC creasing pressuf&.Secondly, the superconducting state may
g . 4 be surrounded by regions in which metallic and insulating
4 XTI, behavior coexist in the “PMDW” phase.
- DW+PM Although the work on B"-(BEDT-

TTF)4[ (H;O)M(C,0,)3]Y salts is at an early stage, it is

e possible to note some qualitative similarities between Fig. 7
- and the phase diagram @f(BEDT-TTF),X (see Refs. 1, 10
. and references thergif? Increasing pressure also results in
mixed I+M more metallic behavior in the salts, as evidenced by the
Shubnikov—de Haas frequencies. Moreover, the supercon-
ducting region in bothB” and « salts is surrounded by non-
1 '5 1' 1'5 2 uniform or mixed phasés.
00 O 0 : 0 The study of8"-(BEDT-TTF),[ (Hs0)M (C,0,)5]Y salts
seems to emphasize the fact that very highly resistive
samples and phenomena associated with quasiparticle local-
TTF),[ (H;0)M(C,0,)3]Y salts, using data from the current paper !Zatlo.n (e.g., Anderson locallzatlg.ﬁ and/o.r d'fordéﬁ coex- N

- - _ist with effects normally associated with “good metals,

and from Ref. 24. Solid circles correspond to the superconductln%uCh as Shubnikov—de Haas oscillatfdnsand even
critical temperatureT.; open circles represent the metal-insulator e . . .
transition, Ty, . The other temperatureg, andTy, are described in superconductIVItf?. Furthermore, there is e)_(p_erlmenta_ll evi-
the text. Different phases are as follows: SC is superconducting‘;jence thgt the precursor t,o SuPercond,UCt'V'ty m_ay involve
DW is density wave, M is metallic, PM is paramagnetic metallic (€ coexistence of metallic and density-wave-like states,
and | is insulating phase. The solid and dashed lines are guides &Ch as the case @’-(BEDT-TTF),SF;CH,CF,SO; (Ref.
the eye. The hatched region shows the distribution irievalues ~ 92) Of x-(BEDT-TTF),X.® These phases may exist in dis-
for the superconducting samples determined by the differences iHinct “domains” or regions of the sample, as suggested in the

Temperature (K)

chemical pressure (-AV/V in %)

FIG. 7. Notional phase diagram of the3"-(BEDT-

the cooling rate and samples quality. case of thex-phase salt&’ the behavior of a particular do-
main being determined by local structural arrangements.
V. DISCUSSION: PROPOSED PHASE DIAGRAM Finally, recent theoretical work has emphasized the role of

disorder in the suppression of superconductivity in BEDT-

In the previous sections we have described the transpoifiTF salts. Often a measure of this disorder is derived from
properties of B”-(BEDT-TTF),[ (H30)M(C,0,)3]CsHsN  Shubnikov—de Haas—oscillation or cyclotron-resonance
salts exhibiting a metal-insulator transition®§, (probably — data®® The resistivity data indicate that disorder makes some
associated with a density-wave sta@nd Shubnikov—de regions of the samples prone to localization and these re-
Haas oscillations at lower temperatures, indicative of a reagions contribute little to the low-temperature conductivity.
sonably good metal. However, depending on the sampl®ther regions remain metallic and exhibit Shubnikov—de
batch, the overall resistivity can be much greater than that atlaas oscillations, indicative of reasonably long scattering
room temperature; the most likely explanation is that thetimes and mean-free paths300 A and hence low disorder.
sample consists of a mixture of metallic and insulating do-This suggests that the Shubnikov—de Haas and cyclotron
mains. The tendency for a particular region of the sample toesonance data are only informative about the disorder in the
remain metallic or become insulating may be linked to par-metallic regions of a sample.
ticular configurations of the anion and/or ethylene groups
possible in theB”-(BEDT-TTF),[ (H30)M (C,0,4)3]CsHsN
salts(see Sec. Il

These findings are summarized in Fig. 7, which shows In conclusion we have studied the Fermi-surface topology
a notional phase diagram for all of th@”-(BEDT-  of 8”-(BEDT-TTF),[(H30)M(C,0,)5]Y, with M =Ga, Cr,
TTF)4[ (H;O)M(C,0,)3]Y salts as a function of “chemical Fe andY=CsHsN. All of the studied salts exhibit similar
pressure” & —AV/V), i.e., the fractional difference in unit- Shubnikov—de Haas—oscillation spectra, which we attribute
cell volume of a particular salt from that of thd=Fe, Y  to four quasi-two-dimensional Fermi-surface pockets. The
=CgHsNO, compound, which has the largest unit cell. cross-sectional areas of the pockets are in agreement with the
First, the superconductivity in the B"-(BEDT-  expectations for a compensated semimetal, and the corre-
TTF),[(H;0)M(C,0,)3]Y salts is suppressed by the reduc- sponding effective masses arem,, rather small compared

VI. SUMMARY
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to those of other BEDT-TTF salts. Apart from the case of thesome similarities with that of th&-(BEDT-TTF),X super-
smallest Fermi-surface pocket, varying theion seems to  conductors.

have little effect on the overall Fermi-surface topology or on
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