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The transverse magnetoresistance and Hall effect of the organic m&éBEDT-TTF),TIHg(SCN), have
been studied in static magnetic fields of up to 33 T applied perpendicular to the highly conducting planes. The
Hall resistivity is found to exhibit strong oscillations caused by the coexistance of quasi-one-dimensional and
guasi-two-dimensional states in the electronic system. In higher quality crystals, plateaulike features appear at
magnetic fields above-30 T, which are consistent with recent claims of the quantum Hall effect in this
material.[S0163-182807)52324-1]

The quantum Hall effedfQHE) tends to be regarded as a «-(BEDT-TTF),TIHg(SCN) , designed to check the calcula-
property of two-dimensional(2D) semiconductor systems tions of Ref. 6 and to establish the possibility of observing
such as GaAs$Ga, ADAs heterostructures or Si metal- the quantum Hall effect.
oxide-semiconductor field-effect transistdrs. However, Most previous resistivity studies of thl =K, Tl salts
recent pulsed magnetic field measurements of the quashave involved measurements @f,, the resistivity compo-
two-dimensional (Q2D) organic metals «-(BEDT-  nent in the direction perpendicular to the highly conductive
TTF),MHg(SCN, (M=K, TI) (Refs. 4 and 5revealed ac planes’ The reasons for this are twofold. First, the resis-
sharp negative spikes in the magnetization, apparently due tivity in the interplane direction is usually around three or-
quasipersistent eddy currents; it was suggésthedt these ders of magnitude largefand therefore easier to measure
were associated with the deep minima in the resistivity comthan that in the intraplane direction, reflecting the extreme
ponent p,, that accompany the quantum Hall effect anisotropy of the band structufe!® Second, the single crys-
plateaus? in pxy- The pulsed-field magnetization studies tals tend to be irregular in shape, so that the apparent mea-
stimulated numerical calculatichef pyy andp,, employing  sured in-plane resistivity,, is a combination of all of the
a Fermi surface consisting of a Q2D cylinder and a pair ofcomponents of the resistivity tensor. For example, in the sim-
weakly-warped quasi-one-dimension&D1D) sheets; the plest measurement geometry, i.e., four contacts on the same
a-(BEDT-TTF) ,MHg(SCN , (M=K, TI) salts are thought ac face of the crystal, the current is concentrated near this
to possess such a Fermi surface in their high-field stdtes. face, leading to an apparent increase of the in-plane resistiv-
These calculations indicated that the field-dependent behaity; in Ref. 11 it was noted that for samples in whith
ior of pyx, pyy, andpy, of the charge-transfer salts could Z(pH/pZZ)l’Z, where t and | are the sample thickness
under certain circumstances be rather different from those aind distance between the current contacts respectively,
the 2D semiconductor systems, chiefly due to the additionand p|\~%(pxx+ pyy), the measured resistivity ispp,
presence of the Q1D Fermi-surface componémigverthe- ~2(t/|)(p||pzz)1’2.
less, at sufficiently high magnetic fields, QHE plateaus were Bearing these considerations in mind, two single crystal
predicted to occlrin pxy in the charge-transfer salts. In this samples ofa-(BEDT-TTF),TIHg(SCN 4, prepared using
paper, we describe measurements of the transverse magrstandard electrochemical techniqdésyere selected for this
toresistance and the Hall effect of single crystals ofstudy. Sample A was very thin, having dimensions
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to a maximum(about 40 times larger than the zero field
value at ~12 T, and hysteresis between up and down
sweeps of the magnetic field is shown betweehO T and
~28 T; in all of these respects, the behaviorggfin this
sample is qualitatively similar to that of,, observed in other
measurements af-(BEDT-TTFH,MHg(SCN , (M=K, TI)
crystals!'**> At fields of between 20 and 28 Tg; drops
steeply in the well-known “kink,” a first order phase transi-
tion between the low-field, low-temperature spin-density-
wave(SDW) state known to occur in thiel = K, Tl, Rb salts

and what is thought to be a metallic phase characterized by
the unreconstructed Fermi surface, consisting of a Q2D hole
pocket and a pair of Q1D electron she&fsThe hysteresis
reaches its largest magnitude at fields around the kink
transitiort® [Fig. 1(b), insef,, with a weaker maximum occur-
ring below. Shubnikov—de Haas oscillations of frequency
670 T are clearly observable at all fields, in agreement with
previous studie§!*® these correspond to carrier orbits

FIG. 1. (a) The measured resistivity,, for sampleA (expressed about the closed Q2D sectl_or_1 of the Fermi surface.
in two-dimensional resistivity unijfor both rising and falling posi- In contrast top)|, pyy exhibits weaker structure through-
tive and negative polarity sweeps of the magnetic field. Sampl@Ut the SDW regime. Taking the slope of the approximately
geometry and contact configuration are shown in the irlggfThe  linear portion ofp,, below ~4 T, a carrier density of-8
transverse resistivity and the Hall resistivityp,, extracted from X 10> m™2 is obtained, corresponding to1.6x 10" m~?
the data in(a). The inset displays the hysteresis in between risingper layer, somewhat higher than the value found in Ref. 20
and falling magnetic fields. for a-(BEDT-TTF) ,KHg(SCN) 4. The density found in this

paper represents half of the cross-sectional area of the Q2D

~1x1x0.008 mn¥; it was chosen because hole pocket responsible for the 670 T frequency
(pzztzlpHI2)<1, minimizing the mixing of the resistivity Shubnikov—de Haas oscillations, but this poor agreement is
components referred to in the previous paragraph. Sampleardly surprising, given the complex Fermi surface
B had less ideal dimensions1.7x1.5x0.08 mni; how- topology of the a-phase BEDT-TTF salts within the SDW
ever, pulsed-field magnetization studies had previouslyphase(see Ref. 20 for a discussion of the Hall effect in
shown that sampl8 exhibited the quasipersistent currénts metals with complex Fermi surfageé\bove ~4 T, the Hall
thought to be characteristic of the QHE. In order to furthercoefficient starts to decrease in size, becomir@0%
minimize mixing between in-plane and interplane resistivitysmaller by 10 T.
components, platinum wires were connected to ¢dges Oscillations inp,,, of frequency 670 T, begin to be ob-
(rather than the facg¢®f both samples using graphite paint. servable above-15 T, and become rather strong at fields
Steady magnetic fields were provided by a Bitter magnet aabove the kink transition. Above the kink,, becomes
the National High Magnetic Field Laboratory in greater tham, an additional sign that the Fermi surface has
Tallahasseé® and one of the in-houséHe cryostats was taken on a simpler topology?2!In this regime, meaningful
used to cool the samples to 700 mK. Resistance measureemparisons can be made with the model calculations of
ments were carried out using ac currents of 5+ and  Ref. 6, carried out for a Fermi surface consisting of Q1D and
20-300 Hz. Q2D components. For such a systep, is given by

Figure Xa) shows the measured resistivity, for sample
A, for both positive and negative magnetic fields applied
perpendicular to thac plane.p,, has been obtained by mul- Pxy™ —2 ,
tiplying the measured resistance t#p, whereb is the inter- oxyt (Ot o1p) ayy
plane lattice constant. The current and voltage contacts were
arranged so thai,, contains contributions from boty and  whereo,, ando,, are the conductivities associated with the
pxy [see inset to Fig. (®)]; this is obvious from the raw data, Q2D states, andr;p, is the conductivity of the Q1D states,
the Hall component causing the lack of symmetrygf  whose velocities are assumed to be aligned alongxtbe
about zero fieldFig. 1). The two resistivity components can rection. When the chemical potential is situated in a gap
be separated because of their differing dependence on tlietween the well-resolved Landau levels of the Q2D states,
sign of the magnetic fieldp is the average of thp,, data oy, and o, effectively vanish, and it can be shown that
for positive and negative fields, ang, is half their differ-  p,,~1/o,,=Ry=B/eN,p, Nyp being the total number of
ence. Figure (b) showsp| and p,, data extracted in this Q2D states; if the Landau levels of the Q2D states are sharp
manner. and well separated, a QHE plateau can then develop over a

Our chief preoccupation in this paper will be the behaviorfinite range of magnetic field around this pofrds in the 2D
of pyy in high magnetic fields. However, before examining semiconductor systems. The existence of QHE plateaus re-
this in detail, we shall briefly discuss the, data. Below quiresu to be pinned in states distinct from those of the
~4 T, p| rises approximately quadratically with field. At mobile (Q)2D carriers; in the semiconductor case, these are
higher fields,p|, deviates from quadratic behavior and risesthe localized states at the edges of the Landau levels,

P,k Q)

B(T)
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whereas in the charge-transfer salts this role is taken by the
Q1D part of the Fermi surface. C 18

When u is in the center of thenth Landau level, the <
conductivity of the Q2D states will reach a maximum vafue " 12
o~ oy~ (N+3)€/(m?h)~1/(7Ry). If the Q1D states I
are assumed to behave in a Drude-like manner at high mag:
netic fieldsS this results in very deep minima iy . How- —
ever, if the Q1D states are assumed to be localized at highCi 12
fields, py, just exhibits a steady increase between the QHE \'5
plateaus, as it does in the 2D semiconductor systems. The « 8
Q1D states were also fouhtb have a very distinct effect on
pyy. Whereas,, exhibits minima(maxima when u is be-
tween (in) Landau levels, the presence of Drude-like Q1D
states leads to very large maximagp, when u is between
Landau levels, i.e., the oscillations jg, andp,, are 7 out
of phasé It is only when the conductivityr; of the Q1D
states becomes small that the behaviorggfand p,, be-
come similar. Thus in Fig. (b), the strong oscillations in
pxy indicate that the Q1D states play some part in the high-
field conductivity. However, the oscillations i), which is FIG. 2. (8—(c) The transverse magnetoresistivity measured
an average opy, andp,,, are out of phase with those in ?n sampleB for different arrangements of_the contact geometry. The
pxy» indicating thato;, must be relatively small compared insets show the respective contact configurations.
to o, and oy, at these high fields. This observation is con- _
sistent with the observation of quasipersistent induced curoscillations inp|; have a double-peaked structure. However,
rents in the magnetization studiés, prerequisite for which in Figs, 2a) and 2b), p|| appears to be chiefly determined by
both p,« and py, should be very small whep is between P _
Landau level€. In contrast, measurements pf, tend to be rather inde-

While the peaks im,, should approach the QHE values, Pendent of the current distribution. Figure 3 compapgs
the uncertainty of sample thickness means that the experfig. 3(€)] [contact configuration as in Fig.(&] with two
mental values cannot be quantitatively compared with theotecordings of, [Fig. 3(@] [contact configuration as in Fig.
retical expectations. Furthermore, the absence of flat plateagéa?] and Fig. 3b) [contact configuration as in Fig()] and
at the tops of the peaks indicates that sanpis probably of ty_p|cal pulsed magne_tlc field magnenzatlon data obtained
insufficient quality for the QHE to be seen at sufficiently low W'th. the.same samplig. 3(.d)]' While the absolutg vallue of
fields. Harmonic analysis of the Shubnikov—de Haas oscillafxy In Fl_g's. I{a) and 3b) differs, prpbably reflectmg |n.ho-
tions of sampleA supports this assertion; the oscillations of mogeneities in the sampke.g., regions of dlfferen_t thick-

. . . ness, voids, cracks the qualitative behavior of

lower quality samples show only a small higher harmonic
content!® However, in sampleB, there is evidence for the
emergence of QHE plateaus. The much greater thickness o
sampleB means that the current path will be less straightfor-
ward, and that measurements gf will probably contain
some component gf,,. Figure 2, showing measurements
for three different contact configurations, illustrates this
problem. The recordings were made on adjacent field sweeps
with the sample remainingn situ. The data are the average
of negative and positive sweeps; the Iabﬁlindicates that
the result is liable to contain contributions from both the true
p|| andp,, components. It is evident that the differing forms
of p“ cannot be identified with any particular crystallo- -
graphic axis; it is more likely that they result from complex ¢
current paths, perhaps caused by defects and inclusions. Thi <-500
is particularly evident in Fig. @), in which the sign ofp"|
reverses; such an effect can only be due to the effective B (T)
current path reversing with respect to the voltage terminals,
caused by the conflation of conductances that change at dif- Fig. 3. The Hall resitivity p,, in sampleB with (a) contact
ferent rates with magnetic field. This is analogous to theonfiguration as in Fig. (@) and(b) contact configuration as in Fig.
phenomenon of “current jetting” described by Pippdtd. 2(n). It is compared ir(c) with p(| [contact configuration as in Fig.
Note that Fig. 2c) also shows the best evidence for the ad-2(a)] and(d) with the magnetization signal from Ref. 4. The dotted
mixture of p,, with p||; as the magnetoresistance oscillationsline in (d) shows the calculated magnetization in the absence of
in these two components are in antiph&&®the resultant quasipersistent eddy currents.

B(M)

)P “‘ (kQ) P Xy (kQ)P xy (kQ)
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pxy iN the two traces is very similar and possesses the pretherefore obscure some of the detail. However, the fact that
dicted phase relationship withy (see the discussion above one of the minima irp|; goes below the zero field resistance
and Refs. 6 and 30 Furthermore, starting from fields of in Fig. 2a) is suggestive of the fact that ideal conductivity
~30 T, the field around which the material is believed to bemay be taking place throughout some regions of the sample.
completely transformed into its hlgh field sté?eplateaus In summary, the results presented in this paper provide
start to emerge at the tops of the oscillationgjp, in agree-  direct experimental verification of the recent model
ment with the model predictions that the QHE plateauspredictions showing that pronounced oscillations of the
should be observetiAs expected, the plateaus also coincideHall resistivity occur in a metallic system consisting of both
with the positions of the eddy current resonances in the mag92D and Q1D states. At high magnetic fields in the higher
netization[the strong negative dips in Fig(d], which are  quality sample, we observe the emergence of plateaus in the
attributed to the deep minima jg)| that accompany the QHE Hall resistivity. This latter observation adds substantial
plateaus’ weight to our previous assertion that the QHE occurs in this
Unquestionably it was the minima i that led to the material at high magnetic fields.
eddy current resonances observed in the magnetization in
Ref. 4. However, owing to the inhomogeneities within the
sample and contributions ﬁq‘ from p,,, itis not possible to This work is supported by the NSF, the State of Florida,
infer to what extent ideal conductivity is reached within re-the , EPSRC (UK), the Royal Society (UK), and
gions of the sample. Poorer quality regions of a sample haviNTAS. We should like to thank Dr. Stephen Blundell, Dr.
the effect of adding both parallel and series resistances to th&illiam Hayes, and Professor David Shoenberg for very
magnetoresistance of the higher quality regions, and so camelpful discussions.
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