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Magnetic-field-dependent interplay between incoherent and Fermi liquid transport mechanisms
in low-dimensional t-phase organic conductors
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We present an electrical transport study of the two-dimensional~2D! organic conductor
t-@P-(S,S)-DMEDT-TTF#2(AuBr2) (AuBr2)y ~wherey;0.75) at low temperatures and high magnetic fields.
The interplane resistivityrzz increases with decreasing temperature, with the exception of a slight anomaly at
12 K. Under a magnetic fieldB, bothrzz and the in-plane resistivity planerxx show a pronounced negative and
hysteretic magnetoresistance. In spite of a negative residual resistivity ratio in zero field, Shubnikov–de Haas
~SdH! oscillations are observed in some~high quality! samples above 15 T. Furthermore, contrary to the single
closed orbit Fermi surface~FS! predicted from band structure calculations~where a single star-shaped FS sheet
with an area of;12.5% ofAFBZ is expected!, two fundamental frequenciesFl andFh are detected in the SdH
signal. These orbits correspond to 2.4 and 6.8 % of the area of the first Brillouin zone (AFBZ), with effective
massesm l54.460.5 andmh57.560.1, respectively. The angular dependence, in tilted magnetic fields, ofFl

andFh , reveals a 2D character of the FS, but no evidence for warping along thekz direction~e.g., the absence
of a beating effect in the SdH signal! is observed. Angular dependent magnetoresistance~AMRO! further
suggests a FS which is strictly 2D where the interplane hoppingtc is virtually absent or incoherent. The Hall
constantRxy is field independent, and the Hall mobilitymH increases by a factor of;3 under moderate
magnetic fields. Hence the field does not alter the carrier concentration, even in the presence of a large negative
magnetoresistance, but only increases the lifetimets . Our observations suggest a unique physical situation
where a stable 2D Fermi liquid state in the molecular layers, are incoherently coupled along the least conduct-
ing direction. The magnetic field not only reduces the inelastic scattering between the 2D metallic layers, as
seen in the large negative magnetoresistance and SdH effect, but it also reveals the incoherent nature of the
interplane transport in the AMRO spectrum. Finally, the observed Fermi surface is at odds with band structure
calculations. The observation of small pockets may suggest FS reconstruction. However, the very flat bands in
the electronic structure, combined with the variable charge transfer, may be the origin of these effects. The
apparent ferromagnetic character of the hysteresis in the magnetoresistance, remains an unsolved problem.

DOI: 10.1103/PhysRevB.64.045107 PACS number~s!: 72.15.Gd, 72.15.Eb, 72.80.Le
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I. INTRODUCTION

In the last two decades, the field of anisotropic lo
dimensional organic conductors has become synonym
with the observation of unusual and exotic electronic pr
erties. Examples range from the possibility of unconve
tional, anisotropic superconductivity,1,2 to the observation of
a variety of other ground states such as charge-density w
~CDW’s!,3 spin-density waves~SDW’s!,4 field-induced spin-
density waves~FISDW’s! ~associated with the observation
quantum Hall effect,5! and the spin-Peierls~SP! state.6 A
considerable amount of effort has also been devoted
fermiology7 and the properties of the metallic states of the
compounds. Non-Fermi-liquid-like behavior has been
ported in photoemision spectra8 and there are indications o
spin-charge separation9 in some materials. In addition, un
conventional electrical transport properties in the presenc
magnet-field induced incoherent hopping has be
proposed.10,11

More recently, new degrees of freedom are being adde
these already physically rich systems by incorporating m
0163-1829/2001/64~4!/045107~9!/$20.00 64 0451
-
us
-
-

es

to
e
-

of
n

to
-

netic anions into the structure of organic compounds. He
due to the physical separation of the molecular orbital~cat-
ion! layers, and the inorganic anion layers, there is a co
sponding separation of the localized magnetic anion m
ments~for example, thed electrons! and the itinerant low-
dimensional organic molecular electrons gas (p electrons!.
Typical examples are the seriesl-(BETS)2FexGa12xCl4
compounds12 and TPP@Fe(Pc)(CN)2#2.13 In the BETS se-
ries, the progressive substitution of Ga with Fe suppres
the superconducting state and stabilizes an insulating ant
romagnetic~AF! state.12 While in TPP@Fe(Pc)(CN)2#2, the
ground state is also insulating and presents an anisotr
magnetic susceptibility.

One of the main characteristics of magnetic organic s
tems as mentioned above is the observation of a pronoun
or giant negative magnetoresistance under field. This ef
has been explained in terms of field alignment of the lo
magnetic moments. On one hand, it is expected to destro
eventual AF ground state, i.e., to close related gaps at
Fermi level~spin-flop transition!,14 and on the other, to de
crease the spin scattering of itinerant electrons by these l
©2001 The American Physical Society07-1
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moments. In any case, the necessary ingredients for exp
ing the magnetic-field induced enhancement of the cond
tivity in these compounds, seems to be the presence of lo
ized magnetic moments, their interaction with itinera
electrons, and the effects of the magnetic field on t
coupled system.

Nevertheless, there are other families of organic cond
tors, the compounds of thet crystallographic phase,15 whose
magnetoresistivity presents remarkable similarities to wha
observed, for example, in l-(BETS)2FeCl4 and
TPP@Fe(Pc)(CN)2#2, although their structure isnot com-
posed by any magnetic element, see Fig. 1~a!. Here we report
on the electrical transport properties of th
t-@P-(S,S)-DMEDT-TTF#2(AuBr2)1(AuBr2)y compound
@where y;0.75 and P-(S,S)-DMEDT-TTF stands for
pyrazino-(S,S)-dimethyl-ethylenedithio-tetrathiafulvane#, at
high magnetic fieldsB and low temperaturesT. In this com-
pound, an in-plane as well as interplane magnetoresistivit
found to decrease by a factor>65% when a fieldB
<10 T is applied. A significant hysteresis is als
observed,16 which points towards the formation of field in
duced domains and has been interpreted as an indicatio
the magnetic nature of these compounds.17 However, mag-
netic susceptibility measurements revealed an almost t
perature independent paramagnetic term. This term is c
parable to those measured in other 2D nonmagnetic org
systems which are characterized by strong electro
correlations.18

The crystallographic structure of t-@P-(S,S)-
DMEDT-TTF]2(AuBr2)1(AuBr2)y is tetragonal with unit

FIG. 1. ~a! A sketch of the P-(S,S)-DMEDT-TTF molecule.~b!
Calculated Fermi surface oft-@P-(S,S)-DMEDT-TTF#2(AuBr2)
(AuBr2)y and for y;0.75 ~solid line!. The dashed line represen
the calculated Fermi surface fory50. ~c! Configuration of contacts
in relation to sample morphology for interplane electrical transp
measurements.
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cell dimensionsa5b57.3546 Å andc567.977 Å.18 Inor-
ganic anion layers alternate with mixed organic-inorga
layers, which has both ordered and disordered AuBr2 anions,
along with a disordered ethylene group.18 The ratio of donor
molecules to acceptor anions is2:(11y), where y has
been estimated to be;0.75. The value ofy determines the
area of the Fermi surface, which decreases with increa
y.19 Figure 1~b! shows the calculated Fermi surface
t-@P-(S,S)-DMEDT-TTF#2(AuBr2)1(AuBr2)y , y;0.75,
which was calculated using the extended Hu¨ckel tight bind-
ing method.20 The star shaped Fermi surface, results from
fourfold symmetry of the molecules packing. While thea-b
plane is metallic~conducting! the interplane electrical trans
port displays an unusual nonmetallic behavior over
whole temperature range. This behavior contrasts with w
is observed in most quasi-two-dimensional~Q2D! organic
compounds, where aT2 behavior at lowT, is followed by a
nonmetallic behavior at higher temperatures. A smo
crossover from coherent Fermi-liquid excitations at low te
peratures, to incoherent excitations at high temperatures,
been suggested to occur in these compounds.21

In this paper, we report the observation of Shubnikov
Haas~SdH! oscillations in at phase organic conductor; th
t-@P-(S,S)-DMEDT-TTF#2(AuBr2)1(AuBr2)y compound.
Two fundamental frequenciesFl andFh were detected in the
fast Fourier transform of the SdH signal, corresponding,
spectively, to 2.4 and 6.8 % of the area of the first Brillou
zone (AFBZ), which is at odds with band structure calcul
tions. Relatively large effective masses~i.e., for nonsuper-
conducting organic conductors7! m l54.460.5 andmh57.5
60.1 were obtained forFl andFh , respectively. The angula
dependence ofFl andFh reveals the 2D character of the FS
and the absence of frequency beatings indicates that the
has no detectable warping along thekz direction. The angle
dependent magnetoresistance~AMRO! further suggests a
strictly 2D FS, where the interplane hoppingtc is virtually
absent, or is incoherent. We find the Hall constantRxy to be
field independent, and the Hall mobilitymH to increase by a
factor of;3, under moderate magnetic fields. This indica
that B does not introduce additional carriers into the syste
instead, it decreases the carriers scattering ratets

21 . As nei-
ther the interplane nor the in-plane resistivity displays aT2

dependence at zero field, we conclude, that the magn
field induces a crossover from a ‘‘non-Fermi-liquid-like’’ be
havior at moderate fields, towards a Fermi-liquid-type b
havior at higher fields, whose signature is the observation
quantum oscillations, i.e., the Shubnikov–de Haas~SdH!
effect.

II. EXPERIMENTAL RESULTS

Several different single crystals oft-@P-(S,S)-
DMEDT-TTF]2(AuBr2) (AuBr2)y (y;0.75), synthesized
by electrochemical methods,22 were used in the present in
vestigation. Gold wires of 12.5mm were attached with
graphite paint in a conventional four-terminal configurati
for interlayer electrical transport measurements, see
1~c!; while a six-terminal configuration was used for the H
effect measurements. Standard low frequency (;20 Hz) ac

rt
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MAGNETIC-FIELD-DEPENDENT INTERPLAY BETWEEN . . . PHYSICAL REVIEW B64 045107
lock-in techniques, with currents of order of 10mA were
employed in the measurements. Samples were mounted
variety of fixed as well as rotating sample holder prob
immersed in both3He cryostats and dilution refrigerator
Magnetic fields were provided by the resistive magn
available at the National High Magnetic Field Laboratory
dc field facility in Tallahassee Florida.

Figure 2 shows the typical temperature dependenc
zero magnetic field of the interplane resistivityrzz, of a
t-@P-(S,S)-DMEDT-TTF#2(AuBr2) (AuBr2)y (y;0.75)
single crystal, sample No. 1. Although the in-plane resistiv
displays a metallic behavior,23 the interplane transport, a
seen in the figure, is clearly nonmetallic and shows an ab
change in slope atTb.12 K. At this temperature, a meta
insulator transition has been suggested to occur, altho
specific heat measurements did not provide any evidence
a phase transition18 at Tb . BelowTb , thein-planeresistivity,
in contrast to the interplane resistivity, seems to follow
logarithmic dependence on temperature.23 This dependence
was interpreted as an indication of either we
localization18,23 or Kondo effect arising possibly from ex
change interaction between localized magnetic moments
itinerant conduction electrons.23 In any case, and as clearl
seen, the interplane resistivityrzz does not display the typi
cal T2 dependence seen at lowT in other Q2D organic com-
pounds, which is the signature of coherent electri
transport.24

Figure 3 shows the temperature dependence ofrzz for u
.0° (u is the angle betweenB and thec axis! and for several
values of magnetic fieldB, as indicated in the figure. Sever
significant features are observed.

~i! BetweenTa and 6 K, for increasing magnetic fiel
(B.5 T), rzz exhibits a metallic character, i.e.,rzz de-
creases with decreasingT.

FIG. 2. Temperature dependence of the interplane resistivityrzz

of t-@P-(S,S)-DMEDT-TTF#2(AuBr2) (AuBr2)y (y;0.75) at zero
magnetic field. The change in slope observed atTb is a character-
istic anomaly in this material~see text!.
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~ii ! For all values of magnetic field,rzz shows a crossove
from positive to negative magnetoresistance behavior a
crossover temperatureTa(.Tb).18 K.

~iii ! The kink observed atTb is rapidly suppressed by th
application of a magnetic field.

The inset of Fig. 3 shows the dependence ofrzz on tem-
peratureT for two values of fieldB55 and 25 T, respec-
tively, and for u.0°. Arrows indicate increasing and de
creasing temperature sweeps. A markedT-dependent
hysteresis is observed forB525 T ~as well as smaller, bu
noticeable hysteresis at 5 T!, indicating some sort of first-
order domainlike behavior. The observation that all t
curves meet atTa(.Tb) suggests thatTa does not corre-
spond to a thermodynamic phase transition. Instead, it m
indicate that charge transport in this system is described
two distinct mechanisms with quite different temperature
pendencies andTa would correspond to the crossover tem
perature between them. The mechanism that dominates
transport at low temperatures clearly has a strong magn
field dependence.

Figure 4 displays the magnetoresistanceRzz, from sample
No. 1, as a function of magnetic fieldB for u.0°, and for
four different temperatures 1.45, 1.0, 0.7, and 0.50 K, resp
tively. All curves are vertically displaced for clarity with
arrows indicating field-up and field-down sweeps. As pre
ously reported,17 the resistance decreases by a factor>65%,
followed again, by a significant temperature dependent h
teresis. Furthermore, forT<1 K and for fields aboveB
>17 tesla, Shubnikov–de Haas~SdH! oscillations are ob-
served. This is an indication of the high quality~or long
mean free path at high fields! of theset phase metallic single
crystals. The resistivity ratio Dr5@r(300 K)
2r(4.2 K)#/r(4.2 K) is generally used as a criteria fo
judging the quality of a metal. Typically, to observe Sd

FIG. 3. Interplane resistivityrzz as a function of temperatureT
for several values of magnetic fieldB, applied along the interplane
c axis. Forall values ofB, rzz shows a crossover from positive t
negative magnetoresistance behavior at a crossover temper
Ta(.Tb).18 K. Inset: rzz for both field up and down sweep
~indicated in the figure by arrows! as a function ofT and for two
values of field 5 and 25 T, respectively. A large hysteresis is
served at 25 T.
7-3
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STORR, BALICAS, BROOKS, GRAF, AND PAPAVASSILIOU PHYSICAL REVIEW B64 045107
oscillations, aDr;100 or greater is necessary. In the pres
case, not only isDr small, but negative. Here we fin
Drzz.20.9 at B50 T and Drzz.20.8 at B527 T.
Hence the mechanism which produces the apparent non
tallic behavior at lower fields does not compromise t
Fermi-liquid properties observed at higher magnetic field

The upper panel of Fig. 5 shows the SdH signal a
function of inverse fieldB21 for u.0° and for several val-
ues ofT, as indicated in the figure. The SdH signal is he
defined as (s2sb)/sb , wheres is the conductance or th
inverse of the actual resistivity of our sample~valid if the
Hall component is small, which is the case here!, andsb is
the background conductance, obtained by inverting the ba
ground resistance.sb is obtained by fitting the actual samp
resistance to a low-order~4 or less! polynomial. The SdH
signal amplitudes, thus defined, may then be directly trea
with the standard Lifshitz-Kosevich~LK ! formalism7 to ob-
tain the effective masses of the carriers in terms of the
electron mass, as well as the Dingle temperature, which
scribes the impurity level in the material. A fast Fouri
transform method~FFT! was used to obtain the SdH amp
tudes vs temperature. In the FFT spectrum, shown in
inset of Fig. 5 forT50.5 K, we obtain two peaks atFl
5186 andFh5516 T, respectively. The lower frequency
Fl can be seen~by eye! as a slight variation of the wave-form
amplitudes in the more dominantFh signal~upper panel, Fig.
5!. To further verify that the FFT spectrum was not produ
ing theFl frequency as an artifact, we independently fit t
total SdH signal with the LK expression7 for Fh , and then
subtracted the fit from the SdH signal. The result is shown
the lower panel of Fig. 5, which clearly shows the prese
of the Fl component, as well as its temperature depende

FIG. 4. Interplane resistivityrzz ~sample No. 1! as a function of
B for u.0° for several temperatures 1.45, 1.0, 0.7, 0.5 K, resp
tively. Curves are vertically displaced for clarity. Arrows indica
field-up and field-down sweeps.
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The observation of two frequencies, i.e., two Fermi s
face extreme cross-sectional areas, is surprising since,
cording to band structure calculations,18 the FS of this com-
pound is composed of a single and closed star-shaped s
@see Fig. 1~b!#. Furthermore, from published crystallograph
data,18 the area of the first Brillouin~FBZ! zone is given by
AFBZ572.986 nm22. Using the Onsager relationF
5A(h/4p2e), whereF is the SdH frequency,A the respec-
tive FS cross sectional area,e the electron charge, andh
Planck’s constant, we obtained 2.4 and 6.8 % of theAFBZ for
Fl andFh , respectively. In contrast, the ratio of the area
the calculated closed Fermi surface in Fig. 1~b! to AFBZ is
estimated to be 1:8, corresponding to a frequencyFFS
5955.8 T. Therefore, the estimatedFFS is considerably
higher than either value determined in the present work. I
interesting to mention that the fraction of ‘‘disordered’’ a
ionsy, which determines the area of the FS has been foun
be time dependent in a related compou
t-@EDO-(S,S)-DMEDT-TTF#2(I3)11y .19 If in our sample,
the anion contenty differs from ;0.75, the actual geometr
of the FS would necessarily differ from that shown in Fi
1~b!. But this effect would not explain this discrepancy sin
the area of the FS increases asy decreases for intermediatey.
Alternatively, it is possible that the ‘‘kink’’ observed atTb is
the onset of an eventual AF transition; as AF transitio
would open partial gaps at the Fermi level and also affect
original geometry of the FS. However, to date no indicatio

c-

FIG. 5. The SdH signal fort-@P-(S,S)-DMEDT-TTF#2(AuBr2)
(AuBr2)y . Upper panel: Total SdH signal as a function of inver
field B21 for u.0° for different temperaturesT. Inset: The FFT
spectrum for theT50.5 K SdH signal. Two frequencies,Fl andFh

appear in the data. Lower panel: The low frequency SdH sig
(Fl) obtained by subtraction of the high frequency (Fh) compo-
nent.~See text for definitions and discussion.!
7-4
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MAGNETIC-FIELD-DEPENDENT INTERPLAY BETWEEN . . . PHYSICAL REVIEW B64 045107
of a phase transition atTb have been found either in specifi
heat or in magnetic susceptibility measurements.16,18

Figure 6 shows the logarithm of the SdH amplitud
~from the FFT of the data in Fig. 5! divided byT vs T. The
solid lines are a fit to the LK expressionX/sinhX whereX
5amcT/B,a514.69 T/K andmc is the effective cyclotron
mass in relative units of the free electron massme . The
slope yields the effective cyclotron massesm l54.460.5 and
mh57.560.1 for Fl and Fh , respectively. These effectiv
masses are relatively high masses for an organic metal,
in fact these values are not surprising, since the curvatur
the proposed star-shaped FS presents singularities at its
tices. Another possible origin for the high mass values
magnetism, given the hysteretic nature of the transport
served. The exchange interaction between carriers and lo
ized moments are known to considerably modify the tra
port of carriers,25 especially near a metal-insulator transitio
In general, complex magnetoresistive behavior~combina-
tions of positive and negative magnetoresistivities as, for
ample, in manganites! has led to theories for the formation o
magnetic polarons,26 i.e., ferromagnetic regions of local mo
ments aligned with the spin of the carrier, via the exchan
interaction. However, direct evidence for magnetism in
present case is yet to be observed.

Additional information can be obtained by the Lifshit
Kosevich formalism7 by plotting the amplitude of the SdH
oscillations, normalized with respect toB1/2. From this, we
obtain the Dingle damping factorRD5exp(2amcTD /B)
whereTD5h/(4p2kBt) (kB is the Boltzmann constant,mc
is the carriers effective mass in electronic mass units, ant
is the relaxation time!. We obtainTD51.3260.15 K, which
is a small value typical of organic metals,7 and indicates the
high quality of thist phase single crystal despite the neg
tive value ofDrzz. Hence the reason SdH oscillations a
difficult to see above 1 K is due to thelarge effective masses
which enhance the LK damping factors.

Figure 7 displays the interplane magnetoresistanceRzz as

FIG. 6. The logarithm of the FFT amplitudes divided byT, of
the SdH signals~from Fig. 5! vs temperatureT: Fl ~solid squares!;
Fh ~open circles!. Solid lines are fits to the Lifshitz-Kosevich for
malism, were the slopes provide the effective massesm l54.4
60.5 for Fl andmh57.560.1 for Fh , respectively.
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a function of magnetic fieldB at T.0.55 K for different
values of the angleu ~betweenB and the interplanec axis!,
as indicated in the figure. Dotted arrows indicate field up a
down sweeps. We find that the hysteresis in the magnet
sistance decreases for increasing angle. The angular de
dence of the SdH oscillation frequencies is shown in Fig
for Fl and Fh . The solid lines are fits to the expressio
F(u)5F(u50°)/cosu. The fit provides values of 18463
and 52066 tesla forFl andFh , respectively. It also clearly
indicates that the FS of the t-@P-(S,S)-
DMEDT-TTF]2(AuBr2) (AuBr2)y (y;0.75) compound is
two-dimensional as expected for an anisotropic layered c
pound.

Figure 9 displaysRzz as a function ofu for two values of
the in-plane anglef50° ~dotted line! and f545° ~solid
line! at T54.2 K and B514 T. f50 is defined as the
rotation axis normal to the sample edge; consequentlyf
545° corresponds to a rotation along one of the diagonal
the square-shaped sample.~A more detailed angular study i
described elsewhere.27! Here we find no sign of angular de

FIG. 7. Interplane magnetoresistanceRzz as a function ofB at
T.0.55 K and for several values of the angleu betweenB and the
interplanec axis. Dotted arrows indicate field up and down swee

FIG. 8. Angular dependence of bothFl andFh . Solid lines are
fits to the expressionF(u)5F(u50°)/cosu.
7-5
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STORR, BALICAS, BROOKS, GRAF, AND PAPAVASSILIOU PHYSICAL REVIEW B64 045107
pendent magnetoresistance oscillations~AMRO!, which are
periodic in tan(u), associated with a warped cylindrical F
topology.28,7 Furthermore, the observation of a central pe
in Rzz, i.e., for Bi I ic, is quite surprising, since magnetor
sistance is not expected under these conditions, as expe
from quasiclassical transport theory.

The in-plane resistivityrxx as a function ofB from
sample No. 2 for several different temperatures is prese
in Fig. 10~a!. The respective temperatures are indicated
the figure. The general behavior ofrxx is essentially similar
to what is observed inrzz under field: A large resistivity drop

FIG. 9. Rzz as a function ofu for two values of the in-plane
anglef50° ~solid line! andf545° ~dotted line! at T54.2 K and
B514 T.

FIG. 10. ~a! The in-plane resistivityrxx as a function ofB from
sample No. 2 and for four different temperatures.~b! The Hall
resistanceRH as a function ofB for the same four values ofT as in
~a!. The solid line is a guide to the eye.
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is observed forB<2 T ~compared withB<6 T for rzz

with sample No. 1!. For this sample no quantum oscillation
were observed, although sample No. 2 was from the sa
electrocrystallization cell as sample No. 1. This indicate
variation in quality and/or physical properties may occ
during the synthesis process.29 ~We note, however, tha
typically, in organic conductors,rzz gives a larger SdH sig-
nal thanrxx .) Figure 10~b! shows the Hall resistanceRH as
a function of B and several different temperaturesT from
Fig. 10~a!. RH is obtained by antisymmetrization of the Ha
voltage VH : RH[@VH(1B)2VH(2B)#/2I x where I x
550 mA. We note thatRH is linear in field, as expected fo
a metal characterized by only one type of carrier, whose s
indicates that electrons are the charge carriers, in agreem
with previous results.30 Moreover,RH is temperature inde-
pendent below 4.2 K~solid line in this figure is a guide to the
eye!. The Hall constantRxy5Ey / j x[(RHt/B), whereEy is
the transverse electric field andj x is the in-plane density of
current, is shown as a function ofB in Fig. 11~a!, from the
traces in Fig. 10~b!. Except at low fields, where the Ha
signal is too small for an accurate determination,Rxy is es-
sentially constant in magnetic field forB up to 30 T. In other
words, there is no clear evidence which could indicate thaB
introduces carriers into the system, hence decreasing its
sistivity. An estimation of the density of carriers in our sy
tem is provided by the standard expression for the Hall
efficient in a isotropic system:n5(Rxye)21, wheree is the
electron charge.n is presented in Fig. 11~b! and is basically
constant for B.4 T saturating to a valuen.3.75
31026 m23. By multiplying n by the unit cell volumev
53676.9 Å3 we obtain a value of.1.4 carriers per unit

FIG. 11. ~a! The Hall constantRxy ~see text! as a function ofB
calculated from the traces shown in Fig. 10~b!. ~b! The density of
carriersn as a function ofB obtained from the traces in~a!. ~c! The
Hall mobility mH.Rxy /rxx as a function of fieldB.
7-6
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MAGNETIC-FIELD-DEPENDENT INTERPLAY BETWEEN . . . PHYSICAL REVIEW B64 045107
cell. This value is remarkably close to the number of acc
tor anions 11(y.0.75)51.75 v21, considering the usua
uncertainty associated with the sample and contacts
metrical factors as well as the inadequacy of the above
pression for describing a temperature dependent Hall ef
in an anisotropic 2D system. Consequently, and at leas
low temperatures, the number of carriers seems to be g
by the number of acceptor anions in thist phase system
Finally, as Rxy!rxx , the Hall mobility, which is propor-
tional to ts , the inverse of the scattering rate, is appro
mately given bymH.Rxy /rxx and is plotted in Fig. 11~c!.
As seen,mH is rather small, on the order of 1022, and
slightly decreases with increasingB, indicating thatts in-
creases at higher fields. In the important low field regi
where the resistance decreases considerably, it is not pos
to directly extract the real behavior ofmH due to the uncer-
tainties inRxy , as mentioned above. Nevertheless, asRH is
remarkably linear in field, we expectRxy to be essentially
constant in the whole field range. As the resistivity decrea
by a factor of;3, mH necessarilyincreasesby the same
factor. At the moment, it is not clear which mechanism
responsible for this magnetic-field induced reduction ofts

21 .

III. DISCUSSION

The primary findings of the present study are~a! The
presence of SdH oscillations clearly indicates the existe
of a well defined, two-dimensional Fermi surface.~b! The
presence of two SdH frequencies is at odds with the sin
frequency expected from band structure calculations.~c! The
Hall effect shows that the carrier concentration associa
with the 2D Fermi surface is independent of magnetic fie
even in light of the very large negative magnetoresista
which is observed.~d! The nature of the AMRO data show
that the interplane transport may either be incoherent, an
that the interplane bandwidth is vanishingly small, i.e.,
2D Fermi surface is not warped.

Notably, what remains unknown is an accurate desc
tion of the ground state of this unique system. Although,
date magnetic susceptibility measurements do not show
dence for magnetic transitions, there are still arguments
suggest that magnetic order of some kind may play a r
Hysteretic effects in the large, negative magnetoresista
~as well as history-dependent behavior for the in-plane an
lar dependent magnetoresistance! are suggestive of ferro
magnetic order. Since none of the constitutive element
t-@P-(S,S)-DMEDT-TTF#2(AuBr2) (AuBr2)y (y;0.75) are
magnetic, magnetism can only arise from the electro
bands, or perhaps from localized spins~disorder!. Recently,
Arita et al.31 have considered the problem in terms of t
relatively flat ~low dispersion! bands of the material at th
Fermi level. This can give rise to electronic correlation
thereby allowing ferromagnetic spin fluctuations, and con
quently an enhanced spin susceptibility. As noted abo
however, this enhancement has not yet been observed
has any significant ‘‘Curie tail’’ appeared at low temper
tures, in magnetic susceptibility measurements.

Another route to understanding the ground state is to c
sider nesting of the Fermi surface. This is an appealing
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tion since nesting can lead to a spin or charge density w
~SDW or CDW! ground state, which involves Fermi surfac
reconstruction, and magnetism in the case of the SDW. S
ground states are known to exhibit hysteretic behavior
magnetic fields, and the reconstructed Fermi surface can
hibit SdH oscillations that differ from those predicted fro
the band structure calculations. Nevertheless, the observa
of two SdH frequencies, which indicates a Fermi surfa
topology significantly different from Fig. 1, remains a fac
Actually, for a high symmetry FS, as the FS depicted in F
1~b!, we expect to find several nesting vectors satisfying
relatively poor nesting condition. This would imply FS re
construction which would explain the discrepancy betwe
the calculated FS and the FS cross sectional areas detec
this study. However, this hypothesis still requires experim
tal verification.

In light of the anomalous behavior of the temperature a
magnetic field dependent resistivity, the complex structure
the tau-phase compound must be carefully considered.
unit cell along the c axis involves four
@P-(S,S)-DMEDT-TTF#2(AuBr2) layers, where addition-
ally, there may be some variation in the interlayery
;0.75) composition. This unusually large unit cell config
ration may give to the tau phase electronic structure ad
tional degrees of freedom at which we may include the p
sibility of disorder. In the present case, they may contrib
to the very unusual ground state observed in thist phase
organic conductor and simple tests for ferromagnetic, SD
or CDW behavior may, for instance, not be straightforwa

IV. SUMMARY

In summary we have presented an electrical transp
study in the two-dimensional organic conduct
t-@P-(S,S)-DMEDT-TTF#2(AuBr2) (AuBr2)y ~where y
;0.75) at low temperatures and high magnetic fieldsB. Both
the in-plane and the interplane resistivities show a p
nounced negative and hysteretic magnetoresistance, whic
some samples is followed by the observation
Shubnikov–de Haas oscillations. Two fundamental frequ
ciesFl andFh were detected in the SdH signal, correspon
ing, respectively, to 2.4 and 6.8 % of the area of the fi
Brillouin zone (AFBZ), which differs significantly from band
structure calculations. High effective massesm l54.460.5
andmh57.560.1 were obtained forFl andFh , respectively.
The angular dependence ofFl and Fh reveals the two-
dimensional character of the FS, while the absence of
quency beats indicates the absence of warping along thkz
direction. Furthermore, the angle dependent magnetore
tance~AMRO! suggests a FS which is strictly 2D, i.e., th
interplane hoppingtc is negligible and/or incoherent. While
the Hall constantRxy is field independent, the Hall mobility
mH increases by a factor of;3, under moderate magneti
fields. This indicates thatB does not introduce carriers int
the system, but does decrease the carrier scattering ratets

21 .
Our results indicate that this unique,t phase organic con

ductor structure is best described as a system of highly t
dimensional Fermi-liquid layers which are nearly decoupl
The details of the mechanisms which give rise to the unus
7-7
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low temperature properties remain unresolved, including
identification of the ground state. Although magnetism mig
be involved, its detection in susceptibility measurements
mains elusive. Alternatively, we may speculate that the co
plex architecture and composition of the unit cell may g
rise to additional degrees of freedom which allow the ma
anomalies and unusual ground state to arise. In this res
structural, optical, and magnetic resonant studies are ne
to further explore this very unique ground state that the
phase system presents.
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