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In-plane Hall-effect anisotropy in the organic superconductorx-(BEDT-TTF ),Cu[N(CN),|Br

M. A. Tanatar
Faculty of Science, Kyoto University, Kyoto 606-8502, Japan
and Institute of Surface Chemistry, National Academy of Sciences of Ukraine, 31 prospekt Nauki, 252022 Kyiv, Ukraine

V. N. Laukhin
Faculty of Science, Kyoto University, Kyoto 606-8502, Japan
and Institute for Chemical Research of Russian Academy of Sciences, Chernogolovka, MD 142432, Russia

T. Ishiguro, H. Ito, T. Kondo, and G. Saito
Faculty of Science, Kyoto University, Kyoto 606-8502, Japan
(Received 15 July 1998; revised manuscript received 28 Decembej 1998

Anisotropy of the Hall effect within the highly conducting plane has been measured in the organic super-
conductork-(BEDT-TTF),Cuy N(CN),|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 Weiggt al. on the basis of Shubnikov—de Haas effect studies under pressure.
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INTRODUCTION sitive to the thermal cycle usédlt is not clear, however, in
what electronic state the salt exists at low temperatures.
The charge transfer salts(BEDT-TTF),CUu(NCS), and  Transformation at around 60 K seems to lead to a number of
x-(BEDT-TTF),CUN(CN),]Br [BEDT-TTF=bis(ethylene €lectronic property anomalies in the Br salt at low tempera-
dithio)tetrathiafulvaleng are the two highesTe organic su-  tUres: a pseudogap spin susceptibility beha¥atightly re-
perconductors at ambient presslireductive onsets of 10.4 Sgiiiitiugﬁéﬁ%ﬁgﬁﬁn% and appearance of magnetic
and 11.6 K (Ref. 1]. The electronic structure of the : . .
K-(BEDT-TTI:()ZCU(NJg:]S)z (which we will refer to as NCS Some time ago Org presented an elegant geometrical

interpretation of the Hall effect in a two-dimensional metal

salt in the following at low temperature is understood rea-, 5 \yeak-field semiclassical limit in terms of a scattering

sonably well. The shape of the Fermi surface, as determinegath length vector. The model predicts the Hall effect should

from semiclassical a_nd guantum magnetic oscillation sf[udie e independent of direction of the current flow within the
corresponds essentially to the band structure calcult®n. piane. It also allows a direct comparison of the Hall-effect
similar calculation for thex-(BEDT-TTF),CUN(CN),IBr  data and the Fermi surface geometry. The aim of the present
(which we will refer to as Br salt in the followingbased on  article is to study the Hall effect in the Br salt in terms of
the crystal structure at room temperatdirpredicts essen- Ong’s model. We shall report the results of simultaneous
tially the same Fermi surface as has been established in theeasurements of the anisotropy—uwithin the highly conduct-
NCS salt. However, experimental studies at ambient pressuiigg plane—of both the resistivity and of the Hall effect. This
show only the magnetic breakdows orbit in very high is the first observation of an in-plane Hall effect anisotropy
fields*® Furthermore, several additional orbits observed unin organic superconductors. We found that low-temperature
der pressufe’ do not correspond to the calculation either. At behavior corresponds qualitatively to the predictions of
higher temperatures both salts show a number of anomali€@ng’s model:® This enabled us to make a quantitative com-
of electronic propertie¢see Ref. 8 for a useful summary of parison between the experiment and the predictions of Ong's
experimental results for the NCS alRecently we have Mmodel with the calculated band structure. The principal de-
shown that the temperatures at which the anomalies in the Bfiation from the weak-field behavior appears at higher tem-
salt are observed are very close to the temperatures at whi@§ratures, correlating with the temperature range of super-
phase transformations due to ethylene ordering otdure ~ Suucture phase in the ethylene ordering mddéle show
sequence of phase transitions caused by this process includdat the deviation originates at the electron sheet of the Fermi

the formation of a conformational superstructliobserved ~Surface.
experimentally in NMR studies below around 160(Ref.

10)] and its transformatioriin the 60 to 100 K rangeto-

wards an ordered state at low temperatures. The latter causesCrystals of Br salt were grown by a standard electro-
the superconducting properties of the Br salt to become serchemical procedure. The samples selected were rhombic
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— T T T 7 It should be noted that these measurements do not give a
quantitatively accurate resistivity anisotropy value for two
directions(1 and 2 of the current flow. To establish a precise
quantitative value, it is necessary to follow the general ap-
proach outlined by Montgomery. Resistivity anisotropy
p1/p» is determined by comparing the experimentally deter-
mined valueR, /R, for two contact configurations, obtained
by a 90° rotation of the current and potential prolfas in
our casg, with that of an equivalent isotropic sample. This is
done by(1) calculating a ratio of resistance anisotrdgy R,
for an isotropic sample of equivalent shape and contact con-
L , L figuration as a function of its dimensiohg and|,, (2) de-
0 20 40 60 80 termining anl /I, ratio for the equivalent sample by com-
Temperature (K) paring R;/R, and R}/R,, (3) calculating the resistivity
anisotropy by comparing the actual anisotropic sample di-
FIG. 1. Temperature dependence of resistance in the magnetiensiond_; andL, with |, andl,, using Wasscher’s scaling
field B=10T perpendicular to the highly conducting plane in two trgnsformatio®® according to the formula p(/py)
thermal rungd=0.05 mm sample R1a andR1c correspond to the  — (1./1,)21(Ly /L)
measurements with current along theand c axes in the highly A solution of the problem in stefl) of this procedure—
conducting plane, respectively, after quenching the sample fronpOr the rhombic shape crystal with a rather complicated
120 K to liquid helium temperatur&k2a apd R2c are the same fqr eight-contact configuration—is beyond our scope, so we lim-
Zhg iagslﬁ ;nenafﬂ?:nﬁ;tzsdfvyez ?:a';ewét:;;?;?g;ﬁggggznggggaﬁ?ed ourselves to a semiquantitative determination of the
P ' ' Theasured anisotropy change with temperature and thermal
of the contact arrangement on the sample. . - !
cycling. To reduce geometrical correction, we transformed
the rhombus into a square by elongating the rhonthasis
shaped single crystals with a typical size ofxX1  approximately 1.4 times. With this transformation, the resis-
% (0.02—0.11) mr The crystal’sa andc axes were found tance for thea axis decreases by 1.4 and that of thaxis
to correspond to long and short rhombus diagonals, respe@creases by the same factor. All the measured resistance
tively. This orientation was determined in one of the crystalsvalues were corrected in this way. This procedure essentially
by an x-ray analysis and was controlled in each crystal by theeduces the measured ratio, although it is fundamentally in-
thermal probe method. After the contacts have been gluedorrect. The problem of quantitative determination of anisot-
with Dotite carbon paint, the sample was locally slightly ropy for the Br salt was solved by Buravat al?° using
heated and the thermopower sign was determined at roosamples with more appropriate geometry, and our results
temperature. By choosing several positions of the heater witpredominantly agree qualitatively with the temperature de-
respect to the sample and different contact pairs for the thependence found in their study.
mopower measurementsee inset in Fig. 1 for contact ar- The Hall voltage was measured by effectively reversing
rangementit was easy to determine the principal directionsthe magnetic field direction by rotating the sample 180° in
of the thermopower anisotropy. Since the thermopower ighe field of a superconducting solendfdThe Hall constant
positive for thea and negative for the axis'® an unambigu- Ry, was determined a®,=Vd/BI, whereV is the Hall
ous determination of the respective axes was achieved. voltage,l is the current through the sampjs the magnetic
The rhombic shape of the samples is far from the parallefield induction, andd is the sample thickness. We studied
bar shape best suited for studying the Hall eff€Ehis shape three crystals, 0.02, 0.05, and 0.11 mm thick. The Hall con-
is needed for obtaining parallel current lineSherefore we  stantR, was sample dependent and at 12 K was equal to 1.0
used an eight-probe techniddginset in Fig. 1. Current (d=0.02mm), 1.2(0.05 mm, and 1.8 (0.11 mm (in
contactsC1 to C4 were placed on the side surface of the10 " m®C! units). For control purposes we also determined
sample, halfway along the rhombus sides. Potential probege Hall constant at 12 K using conventional five-probe ge-
were placed on the top surface of the sample, at points biemetry. Here the current flow was along theaxis and all
secting the sides of a rectangle formed by the current coreurrent and potential probes were glued to the side surface of
tacts. An electrical current was spread between pairs of corthe samplé? Measurements were taken after performing an-
tacts to obtain a homogeneous current distribution througlealing at 68 K similar to the run &ee below. They gave
the sample width. We used two configurations. In the firstvalues of 1.4, 1.0, and 2 for the same samples. We found a
one, the current flowed along tlaeaxis (between two short-  variation of about+10% in the measured values upon suc-
ened pairsC1+C2 andC3+ C4). A potential drop in the cessive gluing of the contacts in the same position. The ef-
sample was measured between the prdbgsandP3. The fect seems to be caused by inhomogeneity of the contact
Hall voltage was measured between the proB2sandP4.  resistance in the contact area, leading to inhomogeneity of
In the second case, the current flowed alongdfeis (be-  the current through sample thickness. In view of a large mar-
tweenC2+C3 andC1+C4) with the P2 andP4 probes gin of error in determining the sample thickness0.005
measuring the potential drop and thé andP3 probes mea- mm) and the aforementioned irreproducibility, the degree of
suring the Hall voltage. We were able thus to measure in oneonsistency irRy determination between different samples
thermal run the Hall effect as well as the resistance in bottseems reasonable.
crystallographic directions. The temperature dependence and the field dependence of
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the Hall resistance were measured in the eight-contact 40
scheme. They were the same for all three samples below 40
K. The behavior above 40 K was qualitatively similar,

though differing in respect of the magnitude of the Hall re- E E
sistance for the current along tleeaxis. % 5
3 8
RESULTS AND DISCUSSION % é
Long term resistance relaxation processes are typical for @ 3
the Br salt. They are induced both by thermal cycliagany = T
temperature, although mainly at temperatures above 60 K I
(Refs. 9 and 21, and by magnetic field cyclingmagnetic
viscosity) below 60 K!* Both relaxation processes produce ‘400
significant noise in measurement of the Hall effect. Since the Temperature (K)

thermal instability is essentially greater than the magnetic
instability, our Hall effect measurements were carried out g|G. 2. Temperature dependence of the Hall resistafice
only below 64 K. Thermal treatment of the sample between-.05 mm sampleat 10 T field for current flowing along the

60 and 70 K reduced the amplitude of magnetic transient§squaresandc (circles axes(solid symbols: run 1; open symbols:
although we could not eliminate them completely. We mearun 2. Temperature dependence of resistance is shown for the cur-
sured the effect of thermal treatment on the resistance an@nt in thea direction in the same thermal runs at 10 T field.

the Hall constant using the same sample without any changes

in the contact geometry. Our choice of thermal procedure In Fig. 3 we show field dependence of the Hall resistance
was based on the results of Ref. 9. In the first thermal runfor the electrical current flowing in two directions for run 2
the sample was annealed 8 h at 120 K andhen rapidly  only, due to less noise from magnetic viscosity. At 22 K the
cooled to liquid helium temperature. The Hall effect and thelinear field dependence of the Hall resistance is observed in
resistance were measured on warming to 64 K. After comboth directions. At higher temperatures for taalirection
pleting this measuring run 1, the sample was subjected tthe dependence is still linear, while in tleedirection it is
annealing at 68 K for 24 h. The state achieved after anneabtrongly nonlinear. In the latter case the dependence shows
ing was fixed by quenching to 4.2 K. Measurements wereiegative slope at low fields, changing to a positive slope
carried out upon warmingrun 2). ldentical measuring runs when the field increases after passing through a broad mini-
were maintained in order to avoid any possible distortion bymum at around 5 T.

hysteresis phenomena. Hence, any difference between the At this stage it is useful to recall the main features of
runs originates only from the preceding thermal treatment. weak-field Hall effect behavior in two-dimensional metls.

Figure 1 shows a temperature dependence of resistanddie model predicts that, as a scalar quantity, the Hall con-
R(T) along two in-plane directions for the runs 1 and 2. Thestant should be independent of the current direction in the
measurements were carried out in a field 10 T perpendiculgslane and of the magnetic field. Both predictions hold, within
to the plane in the same run as the Hall effect measuremenexperimental accuracy, at low temperatures. Moreover, if the
were taken. The resistance anisotropy decreases upon cooésistivity at low temperatures is determined by scattering on
ing below 60 K and shows no detectable change upon thedefects, the Hall constant should be independent of both tem-
mal cycling. It is worth noting that in a magnetic field the perature and concentration of defects. Clearly, quenching the
resistance remains fairly constant below around 20 K in rursample from the higher temperature produces a greater den-
2, and it increases below 12 K in run 1. In run 2, the resis-sity of defects. We can see then, from Fig. 2, that both as-
tance starts to decrease below approxinyafeK due to in-  sumptions are fulfilled below around 20 K.
complete suppression of the superconducting transition in the
10 T field. Therefore, to avoid complications due to the Hall F T

. . - m 2a
effect in the mixed state, all measurements were carried out L 51 K g 2¢
above 7 K.

Figure 2 shows a temperature dependence of the Hall re-
sistance, as measured in the two thermal runs carried out in a
constant field of 10 T. In the case of the current alongahe
axis, the Hall constant is positive and shows little depen-
dence on temperature and thermal cycling. It increases by
approximately 30% on cooling from 64 to 20 K and then
decreases by about 10% when cooled to 7 K. In the case of
the current along the axis, Ry is negative at high tempera-
tures and changes sign to positive-a#0—-47 K. The tem-

- O 2a
L 22Ko 2c
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Hall resistance (mOhm)
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perature of this sign-change correlates with the position of 0 5 10

the resistance maximum: both move to a higher temperature Magnetic field (T)

at almost the same rate when subjected to annealing. The

Hall constant has a tendency to saturation at low tempera- FIG. 3. Field dependence of the Hall resistance fibr
tures(<16 K) in both directions. =0.05 mm sample at 51 and 22 (Kun 2.
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Hence, in this temperature range it is reasonable to regarchse is the sum of contributions from three groups of carriers
the scattering path length(Ref. 15 as a constant. In this and hence is strongly dependent on the partial conductivity
approximation the partial Hall constant of the open electronveighting factors, which are not known. Besides, the actual
sheets is equal to zero, and the expression for the Hall corsize of the reconstructed pockets at ambient pressure could

stant can be writteéil as be significantly different from that at high pressure due to a
variation in superstructure gap magnitddéhis possibility
RH:(wa/e)4lﬁ/(2kEIh+ KEle)2. (1) is further indicated by the difference of the oscillation fre-
quencies at ambient pressure and under pressure.
Herew is an interlayer distancé, andl}, are the effective At temperatures above around 30 K the Hall resistance

electron and hole scattering lengths, afil and ki their  does not follow weak field behavior. Nonlinear field depen-
Fermi momenta. The denominator represents the square @énce is observed in case of the current alongcthgis and

the total conductivity as a sum of contributions of electronsthe Hall constant becomes anisotropic. Both these effects are
oe and holessy, . (Different factors appear due to the differ- related to anomalous behavior for thexis, since the field

ent dimensionality of electron and hole sheets of the Fermilependence of the Hall resistance for the current along the
surface). If we (i) neglect the electron component in the de-axis remains linear and no large changes are observed in the
nominator,(ii) takel, constant(similar tol), (iii) approxi-  temperature dependence of the Hall resistance. It is worth
mate the hole Fermi surface as a cylinder with the radius ofioting that the anisotropy of the resistivity decreases in this
kE, smr(kE)Z:Sh, whereS, is the cross-section area of the temperature rangéFig. 1 and Ref. 20 Therefore, taking
hole pocket, we obtain the following relation: into account that the contribution of electrons is small at low
temperatures, and their anomalous contribution at tempera-
tures above the resistivity maximum disappears at low tem-
peratures, we have to assume that the electron sheets are
reconstructed at low temperature at ambient pressure as well.

For the Br crystalsw=Db/2. Taking S,= 7Sz, we obtain _ This conclusion may well seem to contradict the observa-
R,<Vl/den, where V is the unit cell volume. Fory  tion of an unchangeg orbit in the7Shu.bn|kov—de Haas ef-
=3317 A (Ref. 1) and7~0.18, according to the band struc- fect studies at ambient pr_essdr%. T_hls observation was
ture calculatior?, we haveR,,<2.9x 10 8 m3C~L. Note that USed as an argument against Fermi surface reconstruction.

both of the assumptions used in this estimatidi-isotropic However, we would like to point out that th@ orbit results
and constant scattering path, resulting in zero electron corffom magnetic breakdown and can be observed even after

tribution to the Hall constant an€ii) the negligible partial reconstruction of the Fermi surface. The reason for the ap-

conductivity of electron sheets—lead to an overestimation oPareént lack of the other orbits at ambient pressure is unclear

Ry . This notwithstanding, the experimental value is at leasfNd deserves further study, especially in properly thermally
3 times larger. It is clear, then, that it is not possible to obtairfYcled samples. It could be that it is experimentally difficult
a coincidence with the calculated Fermi surface. to observe low frequency oscillations in this strongly disor-

We would like to point out that the anisotropy of resistiv- déréd material. It could, however, signify some more com-
ity in the salt also contradicts the band structure calculatiofp/icated Fermi surface reconstruction. A further possibility is
prediction. It might be thought that theaxis should be the that theB orbit results from a coexistence of several phases
direction of the highest conductivity. Here, according to thedu€ 0 incomplete structural transformation
band structure calculation, the contribution from the electron W& would like to mention here that the Hall constant

sheet should be dominant. Contrary to this conclusion, howt€mperature dependence, resembling that foriais in the

ever, higher conductivity is found along tre axis?® We Br salt, has previously been observed in the NCS salt by

would expect some anisotropy of, due to the anisotropy of Murataet al?® The direction of the current flow in their ex-
the effective mass, leading tg,,/ o~ 1.3 to 1.5. Since the periments corresponded to theaxis, equivalent in terms of

actual ratio is approximately the saffethe assumption of the calculated band structure to thexis in the Br salt_. Th(_a
o.<ay, used in Eq.(2) seems to be reasonable. The bigresult§ appear to bg S|m|Iar, but there.|s an .essentlal differ-
difference between the experimentally determined value ofce n that Ejhere '3 no sgrnh—_changledlr;)thﬁlr Hall COQSt?IntI
Ry and the calculated one can therefore be used to estimat[gmlp()era_lturﬁ ﬁl%eg erI‘C?- | IS cohu he _ecar:JseBt f | o€
a necessary reduction in size of the hole pocket. This valu%OC et in the saltis larger than that in the Br salt

Ry<(2mwle)/S,. (2)

ince the high temperature behaviabove around 50 K in

e NCS and 30 to 40 K in the Br spis similar, and since

rlihe respective temperature range matches the temperature
range in which superstructure is present in the ethylene or-
dering model, it is tempting to relate the behavior to the
fresence of a superstructusee Ref. 24 for a discussion of
some possible mechanisms of this effect

should be at least 3 times smaller than the value predicted b
the band structure calculatiband is not far from the value
of 3.8 as determined from the Shubnikov—de Haas effect i
the Br salt under pressure of 8 kifaA more resent study of
the Br salt under pressure has revealed three drhiitsught

to be caused by a reconstruction of the Fermi surface due
interaction with a superstructure in the anion la§feFwo of
these orbits are holelike, while the third one is electronlike.

The orbits are essentially smaller than the calculated size of CONCLUSION

the hole pocket. A similar reconstruction at ambient pressure

could lead to an explanation of our experimental results. Itis The in-plane anisotropy and the field dependence of the
difficult, however, to make a quantitative comparison with Hall resistance in the salt of-(BEDT-TTF),CUN(CN),]|Br

this proposed Fermi surface change. The Hall constant in thiat low temperatures are consistent with the weak-field behav-
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