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In-plane Hall-effect anisotropy in the organic superconductork-„BEDT-TTF …2Cu†N„CN…2‡Br
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Anisotropy of the Hall effect within the highly conducting plane has been measured in the organic super-
conductork-(BEDT-TTF)2Cu@N~CN!2#Br. Anisotropy and magnetic field dependence nonlinearity in the Hall
resistivity are found above approximately 30 K. This behavior is shown to originate from an electron sheet of
the Fermi surface. The temperature at which anisotropy and nonlinearity appear correlates with the temperature
at which resistivity is at its maximum. The Hall effect behavior at temperatures below about 30 K corresponds
to the predictions of the semiclassical weak-field model for a two-dimensional metal. A comparison of the Hall
constant predicted by the calculated band structure within this model with the experimentally determined value
revealed a large discrepancy. This is discussed within the framework of a reconstruction of the Fermi surface,
as recently proposed by Weisset al. on the basis of Shubnikov–de Haas effect studies under pressure.
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INTRODUCTION

The charge transfer saltsk-~BEDT-TTF!2Cu~NCS!2 and
k-~BEDT-TTF!2Cu@N~CN!2#Br @BEDT-TTF5bis~ethylene
dithio!tetrathiafulvalene# are the two highest-TC organic su-
perconductors at ambient pressure@inductive onsets of 10.4
and 11.6 K ~Ref. 1!#. The electronic structure of th
k-~BEDT-TTF!2Cu~NCS!2 ~which we will refer to as NCS
salt in the following! at low temperature is understood re
sonably well. The shape of the Fermi surface, as determ
from semiclassical and quantum magnetic oscillation stud
corresponds essentially to the band structure calculation2 A
similar calculation for thek-~BEDT-TTF!2Cu@N~CN!2#Br
~which we will refer to as Br salt in the following!, based on
the crystal structure at room temperature,3 predicts essen
tially the same Fermi surface as has been established in
NCS salt. However, experimental studies at ambient pres
show only the magnetic breakdownb orbit in very high
fields.4,5 Furthermore, several additional orbits observed
der pressure6,7 do not correspond to the calculation either.
higher temperatures both salts show a number of anom
of electronic properties~see Ref. 8 for a useful summary o
experimental results for the NCS salt!. Recently we have
shown that the temperatures at which the anomalies in th
salt are observed are very close to the temperatures at w
phase transformations due to ethylene ordering occur.9 The
sequence of phase transitions caused by this process inc
the formation of a conformational superstructure@observed
experimentally in NMR studies below around 160 K~Ref.
10!# and its transformation~in the 60 to 100 K range! to-
wards an ordered state at low temperatures. The latter ca
the superconducting properties of the Br salt to become
PRB 600163-1829/99/60~10!/7536~5!/$15.00
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sitive to the thermal cycle used.11 It is not clear, however, in
what electronic state the salt exists at low temperatu
Transformation at around 60 K seems to lead to a numbe
electronic property anomalies in the Br salt at low tempe
tures: a pseudogap spin susceptibility behavior,12 slightly re-
duced superconductingTC ,13 and appearance of magnet
viscosity phenomena.14

Some time ago Ong15 presented an elegant geometric
interpretation of the Hall effect in a two-dimensional me
in a weak-field semiclassical limit in terms of a scatteri
path length vector. The model predicts the Hall effect sho
be independent of direction of the current flow within th
plane. It also allows a direct comparison of the Hall-effe
data and the Fermi surface geometry. The aim of the pre
article is to study the Hall effect in the Br salt in terms
Ong’s model. We shall report the results of simultaneo
measurements of the anisotropy—within the highly condu
ing plane—of both the resistivity and of the Hall effect. Th
is the first observation of an in-plane Hall effect anisotro
in organic superconductors. We found that low-temperat
behavior corresponds qualitatively to the predictions
Ong’s model.15 This enabled us to make a quantitative co
parison between the experiment and the predictions of On
model with the calculated band structure. The principal
viation from the weak-field behavior appears at higher te
peratures, correlating with the temperature range of su
structure phase in the ethylene ordering model.9 We show
that the deviation originates at the electron sheet of the Fe
surface.

EXPERIMENTAL

Crystals of Br salt were grown by a standard elect
chemical procedure. The samples selected were rhom
7536 ©1999 The American Physical Society
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shaped single crystals with a typical size of 131
3(0.02– 0.11) mm3. The crystal’sa andc axes were found
to correspond to long and short rhombus diagonals, res
tively. This orientation was determined in one of the cryst
by an x-ray analysis and was controlled in each crystal by
thermal probe method. After the contacts have been gl
with Dotite carbon paint, the sample was locally sligh
heated and the thermopower sign was determined at r
temperature. By choosing several positions of the heater
respect to the sample and different contact pairs for the t
mopower measurements~see inset in Fig. 1 for contact ar
rangement! it was easy to determine the principal directio
of the thermopower anisotropy. Since the thermopowe
positive for thea and negative for thec axis,16 an unambigu-
ous determination of the respective axes was achieved.

The rhombic shape of the samples is far from the para
bar shape best suited for studying the Hall effect.~This shape
is needed for obtaining parallel current lines.! Therefore we
used an eight-probe technique17 ~inset in Fig. 1!. Current
contactsC1 to C4 were placed on the side surface of t
sample, halfway along the rhombus sides. Potential pro
were placed on the top surface of the sample, at points
secting the sides of a rectangle formed by the current c
tacts. An electrical current was spread between pairs of c
tacts to obtain a homogeneous current distribution thro
the sample width. We used two configurations. In the fi
one, the current flowed along thea axis ~between two short-
ened pairsC11C2 andC31C4!. A potential drop in the
sample was measured between the probesP1 andP3. The
Hall voltage was measured between the probesP2 andP4.
In the second case, the current flowed along thec axis ~be-
tweenC21C3 andC11C4! with the P2 and P4 probes
measuring the potential drop and theP1 andP3 probes mea-
suring the Hall voltage. We were able thus to measure in
thermal run the Hall effect as well as the resistance in b
crystallographic directions.

FIG. 1. Temperature dependence of resistance in the mag
field B510 T perpendicular to the highly conducting plane in tw
thermal runs~d50.05 mm sample!. R1a andR1c correspond to the
measurements with current along thea and c axes in the highly
conducting plane, respectively, after quenching the sample f
120 K to liquid helium temperature.R2a andR2c are the same for
the sample annealed for 24 h at 68 K with subsequent quenchin
4.2 K. Both measurements were made on warming. Inset: a diag
of the contact arrangement on the sample.
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It should be noted that these measurements do not gi
quantitatively accurate resistivity anisotropy value for tw
directions~1 and 2! of the current flow. To establish a precis
quantitative value, it is necessary to follow the general
proach outlined by Montgomery.18 Resistivity anisotropy
r1 /r2 is determined by comparing the experimentally det
mined valueR1 /R2 for two contact configurations, obtaine
by a 90° rotation of the current and potential probes~as in
our case!, with that of an equivalent isotropic sample. This
done by~1! calculating a ratio of resistance anisotropyR1

i /R2
i

for an isotropic sample of equivalent shape and contact c
figuration as a function of its dimensionsl 1 and l 2 , ~2! de-
termining anl 1 / l 2 ratio for the equivalent sample by com
paring R1 /R2 and R1

i /R2
i , ~3! calculating the resistivity

anisotropy by comparing the actual anisotropic sample
mensionsL1 andL2 with l 1 andl 2 , using Wasscher’s scaling
transformation19 according to the formula (r1 /r2)
5( l 1 / l 2)2/(L1 /L2)2.

A solution of the problem in step~1! of this procedure—
for the rhombic shape crystal with a rather complicat
eight-contact configuration—is beyond our scope, so we l
ited ourselves to a semiquantitative determination of
measured anisotropy change with temperature and the
cycling. To reduce geometrical correction, we transform
the rhombus into a square by elongating the rhombusc axis
approximately 1.4 times. With this transformation, the res
tance for thea axis decreases by 1.4 and that of thec axis
increases by the same factor. All the measured resista
values were corrected in this way. This procedure essent
reduces the measured ratio, although it is fundamentally
correct. The problem of quantitative determination of anis
ropy for the Br salt was solved by Buravovet al.20 using
samples with more appropriate geometry, and our res
predominantly agree qualitatively with the temperature
pendence found in their study.

The Hall voltage was measured by effectively revers
the magnetic field direction by rotating the sample 180°
the field of a superconducting solenoid.14 The Hall constant
RH was determined asRH5Vd/BI, where V is the Hall
voltage,I is the current through the sample,B is the magnetic
field induction, andd is the sample thickness. We studie
three crystals, 0.02, 0.05, and 0.11 mm thick. The Hall c
stantRH was sample dependent and at 12 K was equal to
(d50.02 mm), 1.2 ~0.05 mm!, and 1.8 ~0.11 mm! ~in
1027 m3 C21 units!. For control purposes we also determin
the Hall constant at 12 K using conventional five-probe g
ometry. Here the current flow was along thea axis and all
current and potential probes were glued to the side surfac
the sample.14 Measurements were taken after performing a
nealing at 68 K similar to the run 2~see below!. They gave
values of 1.4, 1.0, and 2 for the same samples. We foun
variation of about610% in the measured values upon su
cessive gluing of the contacts in the same position. The
fect seems to be caused by inhomogeneity of the con
resistance in the contact area, leading to inhomogeneit
the current through sample thickness. In view of a large m
gin of error in determining the sample thickness~60.005
mm! and the aforementioned irreproducibility, the degree
consistency inRH determination between different sampl
seems reasonable.

The temperature dependence and the field dependen
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the Hall resistance were measured in the eight-con
scheme. They were the same for all three samples below
K. The behavior above 40 K was qualitatively simila
though differing in respect of the magnitude of the Hall r
sistance for the current along thec axis.

RESULTS AND DISCUSSION

Long term resistance relaxation processes are typica
the Br salt. They are induced both by thermal cycling@at any
temperature, although mainly at temperatures above 6
~Refs. 9 and 21!#, and by magnetic field cycling~magnetic
viscosity! below 60 K.14 Both relaxation processes produ
significant noise in measurement of the Hall effect. Since
thermal instability is essentially greater than the magn
instability, our Hall effect measurements were carried
only below 64 K. Thermal treatment of the sample betwe
60 and 70 K reduced the amplitude of magnetic transie
although we could not eliminate them completely. We m
sured the effect of thermal treatment on the resistance
the Hall constant using the same sample without any chan
in the contact geometry. Our choice of thermal proced
was based on the results of Ref. 9. In the first thermal r
the sample was annealed for 3 h at 120 K andthen rapidly
cooled to liquid helium temperature. The Hall effect and t
resistance were measured on warming to 64 K. After co
pleting this measuring run 1, the sample was subjected
annealing at 68 K for 24 h. The state achieved after ann
ing was fixed by quenching to 4.2 K. Measurements w
carried out upon warming~run 2!. Identical measuring runs
were maintained in order to avoid any possible distortion
hysteresis phenomena. Hence, any difference between
runs originates only from the preceding thermal treatmen

Figure 1 shows a temperature dependence of resist
R(T) along two in-plane directions for the runs 1 and 2. T
measurements were carried out in a field 10 T perpendic
to the plane in the same run as the Hall effect measurem
were taken. The resistance anisotropy decreases upon
ing below 60 K and shows no detectable change upon t
mal cycling. It is worth noting that in a magnetic field th
resistance remains fairly constant below around 20 K in
2, and it increases below 12 K in run 1. In run 2, the res
tance starts to decrease below approximately 7 K due to in-
complete suppression of the superconducting transition in
10 T field. Therefore, to avoid complications due to the H
effect in the mixed state, all measurements were carried
above 7 K.

Figure 2 shows a temperature dependence of the Hal
sistance, as measured in the two thermal runs carried out
constant field of 10 T. In the case of the current along tha
axis, the Hall constant is positive and shows little dep
dence on temperature and thermal cycling. It increases
approximately 30% on cooling from 64 to 20 K and th
decreases by about 10% when cooled to 7 K. In the cas
the current along thec axis,RH is negative at high tempera
tures and changes sign to positive at;40–47 K. The tem-
perature of this sign-change correlates with the position
the resistance maximum: both move to a higher tempera
at almost the same rate when subjected to annealing.
Hall constant has a tendency to saturation at low temp
tures~,16 K! in both directions.
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In Fig. 3 we show field dependence of the Hall resistan
for the electrical current flowing in two directions for run
only, due to less noise from magnetic viscosity. At 22 K t
linear field dependence of the Hall resistance is observe
both directions. At higher temperatures for thea direction
the dependence is still linear, while in thec direction it is
strongly nonlinear. In the latter case the dependence sh
negative slope at low fields, changing to a positive slo
when the field increases after passing through a broad m
mum at around 5 T.

At this stage it is useful to recall the main features
weak-field Hall effect behavior in two-dimensional metals15

The model predicts that, as a scalar quantity, the Hall c
stant should be independent of the current direction in
plane and of the magnetic field. Both predictions hold, with
experimental accuracy, at low temperatures. Moreover, if
resistivity at low temperatures is determined by scattering
defects, the Hall constant should be independent of both t
perature and concentration of defects. Clearly, quenching
sample from the higher temperature produces a greater
sity of defects. We can see then, from Fig. 2, that both
sumptions are fulfilled below around 20 K.

FIG. 2. Temperature dependence of the Hall resistance~d
50.05 mm sample! at 10 T field for current flowing along thea
~squares! andc ~circles! axes~solid symbols: run 1; open symbols
run 2!. Temperature dependence of resistance is shown for the
rent in thea direction in the same thermal runs at 10 T field.

FIG. 3. Field dependence of the Hall resistance ford
50.05 mm sample at 51 and 22 K~run 2!.
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Hence, in this temperature range it is reasonable to reg
the scattering path lengthl ~Ref. 15! as a constant. In this
approximation the partial Hall constant of the open elect
sheets is equal to zero, and the expression for the Hall c
stant can be written15 as

RH5~2pw/e!4l h
2/~2kF

hl h1kF
el e!

2. ~1!

Here w is an interlayer distance,l e and l h are the effective
electron and hole scattering lengths, andkF

e and kF
h their

Fermi momenta. The denominator represents the squar
the total conductivity as a sum of contributions of electro
se and holessh . ~Different factors appear due to the diffe
ent dimensionality of electron and hole sheets of the Fe
surface.! If we ~i! neglect the electron component in the d
nominator,~ii ! take l h constant~similar to l e!, ~iii ! approxi-
mate the hole Fermi surface as a cylinder with the radius
kF

h , sop(kF
h)25Sh , whereSh is the cross-section area of th

hole pocket, we obtain the following relation:

RH<~2p2w/e!/Sh . ~2!

For the Br crystals,w5b/2. Taking Sh5hSBZ we obtain
RH<V/4eh, where V is the unit cell volume. ForV
53317 A3 ~Ref. 1! andh'0.18, according to the band stru
ture calculation,3 we haveRH<2.931028 m3 C21. Note that
both of the assumptions used in this estimation—~i! isotropic
and constant scattering path, resulting in zero electron c
tribution to the Hall constant and~ii ! the negligible partial
conductivity of electron sheets—lead to an overestimation
RH . This notwithstanding, the experimental value is at le
3 times larger. It is clear, then, that it is not possible to obt
a coincidence with the calculated Fermi surface.

We would like to point out that the anisotropy of resisti
ity in the salt also contradicts the band structure calcula
prediction. It might be thought that thec axis should be the
direction of the highest conductivity. Here, according to t
band structure calculation, the contribution from the elect
sheet should be dominant. Contrary to this conclusion, h
ever, higher conductivity is found along thea axis.20 We
would expect some anisotropy ofsh due to the anisotropy o
the effective mass, leading tosha /shc'1.3 to 1.5. Since the
actual ratio is approximately the same,20 the assumption of
se!sh used in Eq.~2! seems to be reasonable. The b
difference between the experimentally determined value
RH and the calculated one can therefore be used to estim
a necessary reduction in size of the hole pocket. This va
should be at least 3 times smaller than the value predicte
the band structure calculation3 and is not far from the value
of 3.8 as determined from the Shubnikov–de Haas effec
the Br salt under pressure of 8 kbar.6 A more resent study o
the Br salt under pressure has revealed three orbits,7 thought
to be caused by a reconstruction of the Fermi surface du
interaction with a superstructure in the anion layer.22 Two of
these orbits are holelike, while the third one is electronli
The orbits are essentially smaller than the calculated siz
the hole pocket. A similar reconstruction at ambient press
could lead to an explanation of our experimental results. I
difficult, however, to make a quantitative comparison w
this proposed Fermi surface change. The Hall constant in
rd
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case is the sum of contributions from three groups of carr
and hence is strongly dependent on the partial conducti
weighting factors, which are not known. Besides, the act
size of the reconstructed pockets at ambient pressure c
be significantly different from that at high pressure due to
variation in superstructure gap magnitude.14 This possibility
is further indicated by the difference of the oscillation fr
quencies at ambient pressure and under pressure.7

At temperatures above around 30 K the Hall resista
does not follow weak field behavior. Nonlinear field depe
dence is observed in case of the current along thec axis and
the Hall constant becomes anisotropic. Both these effects
related to anomalous behavior for thec axis, since the field
dependence of the Hall resistance for the current along tha
axis remains linear and no large changes are observed in
temperature dependence of the Hall resistance. It is w
noting that the anisotropy of the resistivity decreases in
temperature range~Fig. 1 and Ref. 20!. Therefore, taking
into account that the contribution of electrons is small at l
temperatures, and their anomalous contribution at temp
tures above the resistivity maximum disappears at low te
peratures, we have to assume that the electron sheet
reconstructed at low temperature at ambient pressure as

This conclusion may well seem to contradict the obser
tion of an unchangedb orbit in the Shubnikov–de Haas e
fect studies at ambient pressure.4,5,7 This observation was
used as an argument against Fermi surface reconstruct5

However, we would like to point out that theb orbit results
from magnetic breakdown and can be observed even a
reconstruction of the Fermi surface. The reason for the
parent lack of the other orbits at ambient pressure is unc
and deserves further study, especially in properly therm
cycled samples. It could be that it is experimentally difficu
to observe low frequency oscillations in this strongly diso
dered material. It could, however, signify some more co
plicated Fermi surface reconstruction. A further possibility
that theb orbit results from a coexistence of several pha
due to incomplete structural transformation

We would like to mention here that the Hall consta
temperature dependence, resembling that for thec axis in the
Br salt, has previously been observed in the NCS salt
Murataet al.23 The direction of the current flow in their ex
periments corresponded to theb axis, equivalent in terms o
the calculated band structure to thec axis in the Br salt. The
results appear to be similar, but there is an essential dif
ence in that there is no sign-change in their Hall const
temperature dependence. This could be because the
pocket in the NCS salt is larger than that in the Br sa1

Since the high temperature behavior~above around 50 K in
the NCS and 30 to 40 K in the Br salt! is similar, and since
the respective temperature range matches the temper
range in which superstructure is present in the ethylene
dering model, it is tempting to relate the behavior to t
presence of a superstructure~see Ref. 24 for a discussion o
some possible mechanisms of this effect!.

CONCLUSION

The in-plane anisotropy and the field dependence of
Hall resistance in the salt ofk-~BEDT-TTF!2Cu@N~CN!2#Br
at low temperatures are consistent with the weak-field beh
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ior for two-dimensional metals. Comparing the experime
tally determined Hall constant with that predicted by the c
culated band structure revealed a large discrepancy. Th
regarded as indicative of a reconstruction of the Fermi s
face with the formation of small size pockets. Strong dev
tions from weak-field behavior are observed in the tempe
ture range where ethylene superstructure exists.
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