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We present a comprehensive set of pulsed-magnetic-field measurements of the quasi-two-dimensional or-
ganic conductorg-(BEDT-TTF),MHg(SCN), (M=K, TIl) to map out the boundaries of a high-field regime
that was recently associated with the presence of the bulk quantum Hall effect. The phase inversion effect
observed in the interplane magnetoresistivity and the behavior of quantum oscillations in the Hall potential are
used to investigate the high-field region as a function of magnetic field, temperature, rotation angle, sweep rate,
sample quality, and the anion of the charge-transfer salt. The inversion of the phase of the oscillgiigns in
is found to be directly related to the quality of the sample, and is suggested to be an intrinsic property of
a-(BEDT-TTF),MHg(SCN), (M=K, TI). A detailed mapping of the phase-inverted region indicates that its
boundaries agree qualitatively with those of the recently proposed low-temperature—high-field state.

[. INTRODUCTION for the QHE, i.e., a mechanism for the pinning of the chemi-
cal potential between completely filled and empty Landau
The high-magnetic-field properties of the quasi-levels over extended intervals of field, is fulfilled by a back-
two-dimensional organic charge-transfer saltsground density of electronic states provided by the Q1D
a-(BEDT-TTF),MHg(SCN), (M=K, TI) have attracted sheets of the F8!%2! Numerical calculations, taking into
much attentiort-° The low-field, low-temperature states of account the finite warping of the Q1D sheets, have predicted
these materials exhibit a complex behavior, and are thougten oscillatory field dependence of the Hall resistivipy, ,
to be density-wav€DW) states with complex Fermi surfaces with quantized plateaux in the vicinity of integer values of
(see Ref. 11 for a recent revigwAt fields above the so- F/B,? whereF is the fundamental frequency of the Landau
called “kink” transition [marked by a sharp kink in the mag- quantum oscillations. With rising magnetic field, an in-
netoresistance occurring in the limit of low temperature atcreased localization of the Q1D carriers might be
By~23 T for M=K (Refs. 12—15 and B,~25 T for M expected:??|leading to a situation equivalent to that in 2D
=TI (Ref. 18], the Fermi surfac€F9) is thought to consist semiconductor systems. Some support for these proposals
of a quasi-two-dimensionaQ2D) hole pocket and a pair of has come from the observation of plateauxpigy in the M
quasi-one-dimensiondQ1D) electron sheet3!1'"18|n the =TI salt in steady magnetic fields between 28 and 33IfT.
purest samples, at 40 T, the Landau levels are sharply re- was suggested that the relative phase of the oscillations in
solved with an energy separation #t.~2.0 meV, com- p,, and those in the measured in-plane resisitivjty
pared with a broadening from quasiparticle scattering of~3(p,,+p,,) showed that there was some degree of local-
<0.1 meV and an interplane bandwidth 0.2 meVv®1° ization of the Q1D carriers at such magnetic fields.
Such sharply resolved Landau levels are one of the pre- A further remarkable phenomenon occurs at high fields
requisites for the observation of the quantum Hall effectand low temperatures in-(BEDT-TTF),MHg(SCN), (M
(QHE).5?°It has been suggested that the second requirementK, TI); quasipersistent induced in-plane currents are ob-
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served at integerF/B in pulsed-field magnetization materials with a high intraplane/interplane anisotropy, it can
studies'® It has been suggested that these “eddy currenprove very difficult to avoid the admixture of a dominant
resonances” are associated with deep minimajjrwhich  interplane component to an in-plane resistance sfgtain
might be expected to accompany the QHEhe induced a@-(BEDT-TTF),MHg(SCN), (M=K, TI), this has so far
in-plane currents exhibit saturation or critical currentlike be-ruled out measurements of, and p|| in pulsed magnetic
havior in pulsed-field magnetizatibd and Hall potential fields®* However, these problems can be overcome by uti-
measurement. lizing the induced eddy currents, characteristic of a pulsed-
The fact that the bulk electronic density of states of themagnetic-field experiment, as the driving current of the in-
a-(BEDT-TTF),MHg(SCN), (M=K, Tl) salts at high plane resistance measurement. In contrast to experiments
magnetic field consists of widely-separated Landau levelgvhere the current is applied externally, an inductive, wireless
with Q1D states, possibly partly localized, in between sugsrovision ensures that current flows entirely within the lay-
gests that surface effects may become important. With iners, and keeps the measured voltage free from any unwanted
creasing magnetic field and falling temperature, interplandnterplane componeritUsing a Corbino-type geometry, this
transport through the bulk of the sample is expected to apallows the Hall potentiaV,, between the center and periph-
proach a regime where conduction is very much lower whenery of the sample to be measured. For a cylindrical sample of
ever the chemical potentia lies between two widely sepa- radiusa, Vy is given by
rated Landau levels. This leads to sharp peaks in the
interplane magnetoresistivipy,, at integer filling factors®23 Vim 2B Pxy
However, in a multilayered conductor with very sharply de- H ar p;’
fined Landau levels, a chiral surface metal is expected to
form at the edges of the sample through hybridization of the Such experiments can be used to study the iatidp| ,
edge states associated with each I&Jef® The chirality —which is otherwise difficult to obtain experimentaff.
arises from the fact that electrons can travel only along on&vithin the proposed quantum Hall regime, the Hall potential
direction perpendicular to the field, thereby suppressing angnergyeV,, was found to be limited by the cyclotron energy
backscattering eventé?® At fields when the bulk of the #w,,35leading to a current saturation at sweep rates typi-
sample will have low conductivity, these surface statesally achieved in pulsed magnetic fields and a concomitant
should remain extended and dominate the conduction peenhancement of| 5 This can be observed as a marked non-
pendicular to the layers, lowering the sharp maxima@jp.  linearity in the dependence &f, on the sweep ratéB/t,
This effect has been demonstrated in semiconductosnd indicates a non-OhmleV characteristic of the sample.
superlattice$’ When u resides within a Landau level, the  While the proposed existence of the QHE in the
surface states are coupled to the bulk, as states in the interig (BEDT-TTF),MHg(SCN), (M=K, TI) salts is still con-
of the sample, into which they can scatter, become availableroversial, there is no doubt that several intriguing phenom-
Therefore, the effect of the so-called chiral Fermi liquid atena (the eddy-current resonances, the saturation of the in-
the sample edgé on the longitudinal conduction is only duced currents and Hall potential, and the suppression of the
observable at intege¥/B. maxima in p,,) occur simultaneously in low-temperature,
In both «-(BEDT-TTF),KHg(SCN), (Ref. 3 and high-field magnetotransport data; in what follows, we shall
a-(BEDT-TTF),TIHg(SCN),,*>?® experiments in steady refer to these phenomena collectively as “anomalous mag-
and pulsed magnetic fields have shown a suppression of thetotransport.” In the pursuit of a theoretical understanding
maxima in the interplane resistivitp,, with decreasing of these materials, it is desirable to discover the prerequisites
temperaturé? even leading to a phase inversion of the oscil-for this anomalous behavior. Therefore, in this paper, we use
lations in the highest-quality sampfés elsewheré, the suppression of the maxima jn, and the saturating be-
“nodes” were observed irp,, at certain temperatures and havior of the Hall potentiaVy, in pulsed magnetic fields to
fields. In Ref. 3, it was shown that while the valuespgf at  map theB-T-6-7 space(here 6 is the angle between the
integer F/B are strongly reduced, the temperature depennormal to the Q2D planes and the field, and" is the qua-
dence at odd half-integd#/B is similar to that expected in siparticle scattering ratever which the anomalous magne-
conventional bulk interplane transport. It was concluded thatotransport effects are observed. Where appropriate, we shall
the mechanism suppressing the amplitudepgfis chiefly  point out aspects of the behavior which are consistent with
operational whenu lies between Landau levélsthis  the presence of the QHE.
was interpreted as the bypassing of bulk interplane current
paths by highly conducting surface states at the edges of the Il EXPERIMENTAL DETAILS
sample>* The amplitude reduction qf,, was shown to take '
place only in samples which also exhibited plateaux in the Measurements of the interplane magnetoresistance and
Hall resistivity and/or eddy current resonances in the magnethe Hall potential were carried out in pulsed magnetic fields
tization (see Refs. 1-3 and 30, and this work; sample B ofof up to 60 T, temperatures between 400 mK and 15 K, tilt
Ref. 2 is identical to sample BvI =TI, of this work), over  angles# of up to 90° and sweep rates betweer? Ehd
the same field and temperature range where the latter effect§® T/s, for a variety of samples of both thd =K and Tl
were observed. Consequently, the suppression of the maxint@mpounds. The samples used in the present Ssatyples
in p,, was linked to the proposed presence of the GHE. A, B, and C of theM =K salt and samples A and B dfl
For a comprehensive study, it is important to have a de=TI) were taken from the same high-quality batches used in
tailed knowledge of the in-plane components of the resisitivRefs. 1-3 and 5. All crystals were of similar dimensions
ity tensor up to the highest magnetic fields. However, in~1.5X1.5xX0.1 mn¥.
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FIG. 1. Comparison of,, andVy atT=0.5 K in a-(BEDT-TTF),TIHg(SCN),, with the field oriented normal to the conducting planes
(#=0°); shaded regions denote where the oscillation phase inverts. The inset on the right shows the oscillatory compapemtd \of;
within the low-field phase; vertical lines indicate fields at which the chemical potential lies exactly between Landau levels. The schematic
on the top left shows the experimental configuration. For clarity, only the contact arrangement used to Wge&sdrawn; dashed curves
indicate electric field lines for positiveéB/dt. Two additional pairs of contac{®mot shown are placed on opposite faces of the crystal to
measurep,,.
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The magnetoresistance was recorded using a fast lock-ipe carried out on successive shots, with the sample remain-
amplifier operating at a frequency of 511.8 kHz. The saming in situ, ensuring that the same external parameters ap-
pling time was set to &s. Voltage and current contacts were plied.
placed on opposite sides of the crystals,d) faces, and Pulsed magnetic fields of up to 60 T with a rise time of
standard four-terminal techniques were used. The resistancel0 ms were provided by the Los Alamos National High
was measured along the axis, i.e., perpendicular to the Magnetic Field LaboratoryRefs. 34 and 3B plastic *He
highly conducting planes; fof=0, this direction is parallel and *He refrigerators were used to obtain temperatures be-
to the magnetic-field vectaicf. Fig. 1). The contacts were tween 0.4 and 15 K. A plastic one-axis rotator based on a
applied using graphite paint and had typical two-point resiswormdrive mechanism with an accuracy greater than 0.5°
tances of~10-20 Q). A variety of sample currents up to was purpose built for the rotation experiments.

100 nA was used; care was taken to ensure that the applied

current did not lead to sample heating. Control measure- IIl. RELATIVE PHASE OF OSCILLATIONS

ments were carried out at different lock-in frequencies to IN p,, AND V,,

ensure that the observed effects were independent of measur-

ing frequency. dc experiments showed an admixture of a Figure 1 compares the oscillations of the interplane mag-
Hall voltage componeri so that in this case the interplane netoresistivityp,, and the Hall potentiaV/,; in a sample of
resistance signal could only be obtained after subtracting fora-(BEDT-TTF),TIHg(SCN),, which will be referred to as
ward and reverse current traces. We therefore note that &ample A. The traces are plotted against reciprocal field at a
techniques are to be preferred for reliable measurements ¢¢mperature off=0.5 K and at#=0. According to bulk

the resistance in pulsed magnetic fields. magnetotransport theofy>® p,, is expected to display

For Hall potential measurements, two voltage contactgnaxima at integer values 6% B, and therefore to oscillate in
were placed on the sample in an adaptation of the Corbinphase withVyp,,/p||.>>** At the highest fields shown in
geometry> This configuration usually consists of a pair of Fig. 1, p,, is roughly in phase with/,;, and both exhibit
ring contacts, one about a hole in the center, and the othenaxima at integer values ¢f/B. However, at~44 T, p,,
around the edges of the sample. However, since samples dfsplays what might loosely be termed a “node” at
a-(BEDT-TTF),MHg(SCN), (M=K, TI) are of a nonideal =0.5 K(Fig. 1); over a region of field below thighe region
shape, one contact has been placed on the center of the tbptween the two gray shaded areas in Fjgh#& oscillations
surface and one at the edgeee Fig. ]; a high-impedance in V4 andp,,are in antiphase. Figure 2 shows that the node
preamplifier was used to record the voltage. The crystaléindicated by gray shadingshifts to lower fields at higher
were mounted such that measurementg gfandV,, could temperatures; at fields above the nogdg, exhibits maxima
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FIG. 2. Background-removed tracesmf, within the high-field region a#=0° for a variety of temperatures. The dotted lines indicate
integer values of/B, the solid lines odd half-integer values IfB. The shaded regions denote a phase chandedct 7.

' ’ ' ) ' ) N ' ) ’ ’ ’ ’ ' R 180
180 |- -
[ (a) T-o4sk | | (b) 1160
0.5K [ ]
150 | o7k | F 4140
z‘ 120 L 09K | 4120
5 | 100K | lioo ™
£ g0 1.36 K 3 ] e
@© B i T s 480 =
S \ Increasing T 153K | 5 ] )
Q [} -
T 60 5160 o
3 QQ 1 3
E L m 40 oS
2 30 ] =2
£ 420 &
] s ] o
R ) TR Th WA W W W N N -~ el B Sttt 2l D Tt e e b 40 o
= 1 M
-4 -20
3 ] g
w -30 3457 .40 g
3747 1 =
4-60 O,
-60 4087 |
i asgT 180
-90 B 4-100
1 A 1 " 1 i 1 " 1 i ] 1 1 1 1 1 1 1 (]

0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
1/B [T] Temperature [K]

FIG. 3. (a) Field dependence of the Fourier amplitude of the oscillations jrat temperatures betwedi=0.45 and 2.4 K at=0°; the
Fourier amplitude has a positive sign if the oscillations exhibit maxima at intE¢®r and a negative sign if they have minim@)
Temperature dependence of the Fourier amplitude=a° at a variety of magnetic fields above the kink transition; the field indicated is the
reciprocal of the midpoint of the Fourier window over which the transform was performed.
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FIG. 4. Background-removed traces @f, within the high-field region at a variety of angles®t 1.2 K; dotted lines indicate integer
F/B, solid lines odd half-integeff/B. The shaded regions denote a phase changedof 7.

at integerF/B (dotted line$, in agreement with the expecta- sitions between the two statEsAt fields below this transi-
tions of transport theor{?> > while at fields below itp,, has  tion region, the oscillation¥,, andp,, in this sample appear
minimaat integerF/B.*° As mentioned above, the presenceto possess the same ph&Ba. 1, insel. However, the quan-
of these minima irp,, at integerF/B has been attributed to tum oscillations in the low-field, low-temperature phase are
the presence of edge states which “short circuit” the currenigreatly complicated by a pronounced splitting, ascribed to a
paths through the bulk of the sampl&The node, occurring dominant F frequency in the free energy, caused by the
at a temperature-dependent field which we shall denote asfect of u on the width of the DW gap®*?
Binv, may thus be said to form a high-field limit of the  The changes in phase can also be detected using Fourier
anomalous magnetotransport behavior. Note that over thgnalysis. In Fig. ), the field dependence of the Fourier
field range at which the node is occurritgee Fig. 2 the  amplitudé® of the fundamental frequendy, =667 T of the
oscillation phase oWy remains unchanged, precluding the Q2D FS orbit is plotted for a variety of temperatures, with
possibility that the node may be due to beating, arising, fothe phase information of the transform retained. The phase of
example, from an area difference between the neck and belifie transform is set using data at fields above the kink as
orbit of the Q2D FS cylinder. follows; the Fourier amplitude is taken to pesitiveif p,, is

The right-hand shaded region in Fig. +24.5T<B  higher at integeF/B than at half-integeF/B, whereas the
<28 T, p,y indicates the field range where large hysteresissourier amplitude is taken to heegativeif p,, is lower at
in the resistivity occurs between upsweeps and downsweepgtegerF/B than at half-integeF/B. Therefore, at high tem-
of the magnetic field,>**and where a change in the slope of peratures, where the data are in agreement with theories of
Dingle plot§***~**has been observed; all are aSSOCi?JIte(ﬁ1agnetotranspoiL?,'23 (i.e., before the anomalous transport
with the “kink” transition from the low-field, low- sets in; see Fig.)2the amplitude is positive. When the
temperature state. The transition region is thought to b@nomalous transport occurs, the peaks in the oscillations get
spread out due to the influence of the oscillatory part of thesaten away;* until p,, at these fields can be lower than that
chemical potential,u, which becomes comparable to the at half-integer=/B (see Fig. 2 At this point, the amplitude
DW order parameter, and induces a series of first-order trarwill become negative; previous works have associated such
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FIG. 5. Phase-sensitive plots of the angle dependence of the Fourier amplitpde atfdifferent fields for(a) T=0.5 K and(b) T
=2.1 K. The data points have been connected by spline curves.

negative Fourier amplitudes with the presence of the highlsiparticle effective mass, amd, the free-electron mass. Ow-

efficient surface conduction mechanisth. ing to the Q2D nature o&-(BEDT-TTF),TIHg(SCN),, m*
Figure 3a) shows that the interval in reciprocal field over scales with 1/co8 as the angle is increasétiso that the

which large negative amplitudes occur decreases with ineondition for a spin-zero is given by

creasing temperature; i.eB;,, is converging towards the

field of the kink transitionB, with increasing temperature. m*(0°)

Thus the greatest relative reduction of the amplitude of the g* m @ZZSJF 1, 2

P,z 0scillations takes place soon above the transition into the ¢

high-field state aB,, in contrast to assumptions of previous wheres is an integer. The first spin-zero can be realized for

works3*which proposed that this was the case at the highest=2 and with 0,=(47=2)°; this yields g*m*(0°)/m,

fields. Figure 8) emphasizes that the presence of the=3.4+0.1. This compares with a value of 3.63 obtained for

anomalous magnetotransport region produces a temperatuige M =K compound® Using m* ~1.8 m,,>%* an effec-

dependence of thg,, oscillations which is very different tjve g factor of 1.9-0.1 can be derived. Further spin zeros

from the eXpeCtationS of the conventional LifShitZ-KOSEViChare expected for ang|a§s~61°,68°’72°' e, but can not

formalism for quantum oscillatiorf§,showing that the appli-  pe resolved in our measurement due to the limited amount of

cation of such techniques to the analysis of magnetotransport

data from «-(BEDT-TTF),MHg(SCN), (M=K, Tl) at L

high fields is of dubious utility. s A T=08K 1
In addition to its dependence on temperatuBg, also 70l J
changes with rotation anglé between the direction of the - S Te09K ]
magnetic field and the normal to the conducting planes. Fig- sr < } ) ]
ure 4 shows the development of the oscillatory component of 60 | { -
pzz (Ref. 40 with angled at a temperature oF=1.2 K. The T } { o T=12K 1
inversion fieldB;,, moves toward higher fields with increas- &£ I R S SR ]
ing angle, and is eventually pushed out of the available field & 80 - I % { { T=1.5K
range for6>35°. s L { i ol ]
Complementary information can be gained by investigat- I { ¥ ]
ing the angle-dependence of the Fourier amplitude withinthe 40 F g [ 1} o Te18K
high-field statg(Fig. 5. At T=0.5 K[Fig. 5a)], the oscilla- 3s | Frreveeeeeee o f ]
tion phase is inverted, for all but the highest-field trace, at all R pro b ' { 1
angles up to#~47°. As the temperature is increased, the 80 [ e 1 ]
data revert back to positive amplitudes; Bt2.1 K [Fig. es bl v 00 11
-5 0 5 10 15 20 25 30 35 40 45 50

5(b)], the interplane transport appears to have a positive Fou
rier amplitude at all fields fop<<40°. As forT=0.5 K, the
Fourier amplitude becomes positive againgat47°. How- g 6. Angle dependence of the upper inversion figjg, for
ever, this second sign change can be associated with a spgmperatures between 0.5 and 1.8 K. The dotted lines are fits to the
splitting zero, occurring whenever the spin reduction factorgata of the functior;,( ) = B;,,(0°)/(cosf)™ n is a fit parameter
R¢=cog mg* (m*/m)/2] of the oscillation amplitude equals and was determined to be1.85, 1.75, 1.65, 1.5, and 1.3 far
zerd™; g* denotes the effective Landgfactor,m* the qua- =0.5, 0.9, 1.2, 1.5, and 1.8 K, respectively.
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FIG. 7. Oscillatory part of the Hall potenti&dly at T=0.5 K, plotted against the reciprocal field for a variety of angles@<60°; the
dotted lines indicate integét/B, and the solid lines odd half-integerB.

data in this- ang_le range. .The strong second harmonic conteghta such as those in Fig. 3; the valueSgf correspond to
at 6=50° in Fig. 4, which becomes more pronounced atthe zero crossings of the Fourier amplitude igf,.*® The
lower temperatures, can therefore be attributed to Zeemagnhgle dependence &, varies with temperatures; the dot-
spin splitting, in contrast to that of the oscillations within the (o4 |ines in Fig. 6 correspond to fits of the forBy,,(6)
low-field phase(cf. Fig. 1. _ _ =B, (0°)/(cosh)", using the powen as a fit parametemn
Virtually all previous work links the observation of increases from a value of 1.3 atT=1.8 K to n~1.85 at
anomalous magnetotransport phenomena with the establish- ' ' '

ment of very well-resolved Landau levét&® Following this =05K. . . .
reasoning, the lower boundary fieB, for entry into the .In models which associate the anomalous behavigr, of
region in which anomalous magnetotransport occurs shoullﬂ’Ith the presence of sqrface conductllng paﬁ@, would
depend largely on the establishment of a suitably large erf€Present the field at which the oscillationspipy revert back
ergy separatiort . between adjacent Landau levels. Sincel© 2 mogga which can be described by bulk interplane
%o, decreases with casas the angle is increaseB( ) is transportt®?3In such a p!cture, any mechanism which led to
expected to scale with 1/cés For each magnetic fiel, @ return to bulk conduction would also suppress the QHE at
there is then a limiting anglé, at which# ., becomes too & Similar field. In Ref. 5, it was proposed that a degradation
small. This should be observable as a further zero crossing &f the suggested QHE could be caused by the onset of mag-
the Fourier amplitude. However, for the temperatures showfetic breakdown between the Q1D and Q2D sections of the
in Fig. 5, this does not appear to be the case fer50°, FS(one might regard this as the fragmentation of the simple
above which the resolution becomes too low. We can hencelectronic density of states, composed of widely spaced Lan-
estimate an upper limit foB,(0°) atT=0.5 K, using num- dau levels plus a slowly varying background from the Q1D
bers from Fig. 8a): B,(0°)~cos#xB|(#)<cos50°<27.1 T  states, into a plethora of magnetic breakdown lgvéighis
=17.5 T<By. However, as a consequence of its reconstrucwere the case, one might exp&{, to be related to a critical
tion in the low-field, low-temperature state, the FS topologyfield B. at which the magnetic breakdown probability
becomes much more complex beld®y,** so that in prac- reached some valuB, sufficient to destroy the QHE. As-
tice, B,~25 T seems to be the lower limiting field for the suming thatP,=e B0o/Bc is independent of angle in a first
observation of the anomalous magnetotransport. approximation,B, might be expected to scale in the same
Figure 6 shows the angle dependenc8gf derived from  way as the magnetic breakdown fiddgd, which will be pro-



PRB 62

MAPPING OF THE ANOMALOUS MAGNETOTRANSPORT ...

350 F7

300 |-

250

200 |

150 |

100 |

Fourier amplitude [arb. units]

50 |

(b)

3 350

300

250

200

150

100

50

1/B8 [T7)

0
0.021 0.024 0.027 0.030 0.033 0.036 0.039 0.021 0.024 0.027 0.030 0.033 0.036 0.039
1/8 [T

7915

[suun "que] apnyjdwe s8N0y

FIG. 8. Field dependence of the Fourier amplitude of the fundamental frequeivgyfof (a) a variety of temperatures &= 0° and(b)
a variety of angles aT=0.5 K. The Fourier window was taken over the high-field region. The data points were connected by spline
functions; arrows indicate local maxima.

portional to 1/co® in a simple Q2D modéelt As noted

above,B;,, in fact follows a rather faster variation with,

model is at the very least an oversimplification.

IV. OSCILLATIONS OF THE HALL POTENTIAL

tential of a-(BEDT-TTF),TIHg(SCN),. Figure 7 shows
Hall potential data from which the slowly varying magne- deep minima inpj

second harmonic content appears, and dominates the oscilla-
tory wave form at angles between 30° and 50°. The positions
which also depends on temperature, showing that such @f the maxima and minima invert between 40° and 50°. This
agrees with the observation of a spin-splitting zero in the
interplane resistivity within the same angle rarige Fig. 5).
The amplitude of the Hall potential oscillations is ex-

pected to be strongly dependent on whether the sample is
We now turn to the quantum oscillations of the Hall po- within the anomalous magnetotransport regime. As summa-

rized

toresistance background has been subtracted for angles hateger F/B.

tween 0° and 60{sample A afT=0.5 K). At all fields and
for 6<40°, the oscillations exhibit maxima whenlies be-

in Sec.

Pulsed-magnetic-field measurements

I, within this regime

it appears that

lead to sharp maxima ol at

of

a-(BEDT-TTF),TIHg(SCN), (Ref. 5 have shown that

these maxima are truncated @¥%,, becomes comparable to
tween Landau levels, as is expected from the proportionalitghe cyclotron energyiw.. As one leaves the anomalous re-
of Vy with py,/p .5 With increasing angle, a very strong gion, however, the minima ip) are expected to rise sharply,
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Inset: temperature dependence of the Fourier amplitudé,cdt #=0°; the solid line is a least-square fit.
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leading to a reduction of the maxima¢f; .°> A turning point " T " T " T

in the oscillation amplitude d¥,; may therefore be used as a 160 | “ria ]
means of delimiting the anomalous region. 200 |- f\ .
Figure 8 shows the development of the field dependence [ ]
of the Fourier amplitude o¥ both for increasing tempera- 120 |
ture and rotation angle. It can be seen that the position of the
maximum Fourier amplitude moves down in field with in-
creasing temperature and up in field as the angle increases.
Hence the maximum Hall potential amplitudg, . be-
haves in an equivalent fashion to the fiégl, as a function
of temperature and angle. It should be noted that the two
techniques described to probe the state of the sample are
completely independent of each other, but both yield similar
limits for the anomalous magnetotransport region.
Apart from factors of proportionality, the'V characteris-
tics of the sample can be seen by plotting the peak-to-peak
amplitude VPP of the oscillations inV}; against the sweep
ratedB/dt (Ref. 9; the circulating current=Vy/p,, (pxy is
constant at fixed field and temperatuasd the driving elec-
tromotive forceVo gB/dt. A nonlinear dependence indicates -80 -
the saturation of the induced current, a phenomenon associ- |
ated with the anomalous magnetotransport regime; this has . 1 . L . 1
been interpreted in connection with the breakdown of the 0.02 0.03 0.04 0.05 0.06
QHE 135 An Ohmic dependence at pulsed-field sweep rates, 1/B [T
on the other hand, suggests that one is outside the anomalous
region. Figure @) shows theVP—gB/at dependence of FIG. 10. Phase-sensitive plot of the field dependence of the
sample A for a variety of fields below and above the kink Fourier amplitude ofp,, in samples A, B, and C of thé1=K
transition at a temperature 0.5 K. Sweep rates between S0MPound, and sample A of td =TI compound;T=0.5 K, ¢
1000 and 10000 T/s were generated by changing the volta el - Inset teinperature dependence olf/ingolurler.ampllt.ude of
to which the capacitor bank was chargéd® It can be seen ag]ple ?‘ '\%T Té, for 1.2 K<T<15K; Fogrger W'I’.‘dOW- 21T
that while the dependence is nonlinear for all fields above the" <50 T. The data points were connected by spline curves.
kink transition, it is Ohmic forB~24 T. This supports the
earlier suggestion that the anomalous magnetotransport réurements were conducted on three samples A, B, and C of
gion is only established for field8>B,. The largest non- the M=K compound and two samples A and B of tive
linearity is observed foB~35 T. The fact that the features =TI compound. Samples A, B, and C of the=K salt were
become less pronounced Bt-40 T is consistent with the shown to have Dingle temperaturdg, of 2.1+0.3, 1.7
measurements gf,, reported in Sec. Ili(cf. Fig. 1). At T +0.1, and 0.40.2 K, respectively, within their high-field
=1.5 K and§=0° [see the inset to Fig.(8)], thel-V char-  states. The Dingle temperatures of samples B and C were
acteristics for 35 and 40 T are Ohmic. This is consistent witrdetermined in pulsed-field magnetization studies, following
Fig. 6, which shows that the upper phase inversion fglg  the method described in Ref. By, of sample A was derived
atT=1.5 Kis~32 T. In Fig. 9b), the angle dependence of from fitting the Lifshitz-Kosevich formalisftt to the resis-
VPP againstB/dt up to §=60° is plotted at a temperature of tance data, the applicability of which was warranted by the
T=0.5K. All curves are nonlinear, which indicates a refatively low quality of the sampl& Sample A of theM
saturating-current-like behavior, indicative of the anomalous= T! salt (the sample used in Secs. Ill and IV of the present
magnetotransport regime, for rotation angles up to 60°.  Study was found to have a Dingle temperatureTgf=0.6
Fina”y’ the inset to F|g @J) shows the temperature de- +0.2 K, again derived from pulsed-field magnetization stud-
pendence of the Fourier amplitude &f,. The rise at ies.Tp of sample B,M =TI, was not available as no mag-
low tempera’[ures is much Steeper than for other typegetization eXperimentS were carried out on this Sample. Itis,
of quantum oscillations previously observed in however, likely to have the overall highest quality, as quan-
a-(BEDT-TTF),MHg(SCN), (M =K, TI).%13163643%f gne  tum oscillations of up to a temperature of 15 K were ob-
were to naively fit the data to the Lifshitz-Kosevich served(see the inset to Fig. 10
formalism?* the slope would correspond to an effective mass Figure 10 shows a plot of the Fourier amplitudespof
of m* ~5.3m,. This, however, can be taken as an indicationagainst reciprocal field at=0.5 K. Samples A-C of the
(recalling thatVy,=p,,/p|) that the deep minima ip| are M=K salt exhibit a direct relationship between sample pu-

rapidly disappearing as the temperature rises. rity and the degree to which negative Fourier amplitudes are
observed. The least pure sample, A, has a very conventional

field dependence with its amplitude increasing monotoni-
cally with field. Sample B already displays a local minimum,
In this section, we present a systematic study of the ocwhile its Fourier amplitude remains positive. The purest
currence of the anomalous magnetotransport in the interplargample, C, however, exhibits a negative Fourier amplitude
magnetoresistivity as a function of sample quality. The meaeover a field region of~22.5 T<B<34.5 T. An even larger

-200 | 4
TIHg: Sample 8

-400 | 4 7

Amplitude [a.u.]

23
o
T

-800 |-

1 1 1 1 1 1 I N
2 4 6 8 10 12 14
Temperature [K]

o
!

Fourier amplitude [arb. units]
S
o
)

A
')
1

—s— KHg: Sample A |

—a— KHg: Sample B
—e— KHg: Sample C

—eo— TIHg: Sample A

V. SAMPLE DEPENDENCE



PRB 62

MAPPING OF THE ANOMALOUS MAGNETOTRANSPORT ...

12 | L L L L L T T T
60 .
1 - -
10 - B0
3 ke
9 = "-,' o 30
- g- E’ 20
8 =
%‘ 7F 2 250
— i 5 F..35
2 sF & E
5 f 0§ 3.
8 ? .- E * 1 2 3 4
% 4 F ; Temperature [K]
= [ 2 Sample A
3F k-] Sample B
i 2
2 5 %
1 _— - Anomalous
0 [ SR B [ DU DS R 1
10 15 20 25 30 35 40 45 50

Magnetic field [T]

7917

FIG. 11. Diagram mapping the “anomalous
magnetotransport region.” The phase boundary
of the low-temperature—low-field DW state has
been determined by measuring the kink fi&@gd
on downsweeps of the magnetic field. Filled
squares indicate data points derived frqi,
traces of sample A; triangles correspond to
sample B. The shaded area denotes the transition
region between the DW and anomalous regime
(see text Inset: Three-dimensional diagram with
the rotation angle plotted along the vertical axis;
the data have been smoothed by adjacent averag-
ing. TheT-6 plane aB~25 T corresponds to the
lower phase boundary & (see the text

interval in field (~25 T<B<44 T) with reversed oscillation A and B of a-(BEDT-TTF),TIHg(SCN), at 6=0°. The
phase is observed for sample A of thle= T| compound(see

boundary of the low-temperature—low-field state was deter-
also Fig. 3. The different lower critical fields result from the mined by measuring the kink fieB, on downsweeps of the
different values oB, in both salts'®4?Finally, sample B of

magnetic field(cf. Refs. 13, 14, 16, 37, and %2The two

M =TI, shows the most pronounced effects. The inset to Fighoundaries at higher fields delineate the change from anoma-
10 shows a plot of its oscillation amplitude for a temperaturelous to conventional oscillation mode in samples A and B,

of up to 15 K atd=0°; the phase inversion temperatdrg,

performed across the entire high-field regiah Fig. 3b) of

this work and Fig. 3 of Ref. B

anomalous magnetotransport region is

intrinsic

a-(BEDT-TTF),MHg(SCN), (M=K, TI) charge-transfer

salts, and should also be observable

Dingle temperature o£1 K to be necessary.

in tMe=Rb

the QHE® An increased quasiparticle scattering raté will
lead to an increased broadenifigr of the Landau levels.

sion of the maxima irp,,.

VI. DIAGRAM OF THE ANOMALOUS
MAGNETOTRANSPORT REGIME

compiled to draw a diagram of the regionBAT space over
which the anomalous magnetotransport characterigtita-

tive phase inversion gb,, andVy, non-Ohmic behavior of

respectively. The shaded area in Fig. 11 represents the region
of 2.1 K is the highest thus far observed for a transformof strong hysteresis between upsweeps and downsweeps of
the magnetic field. In the higher-quality sample B,
curves up to form a continuation of the boundary of the
In summary, the occurrence of the negative Fourier amiow-temperature, low-field statéthe “kink” transition).
plitude of the oscillations ip,, (indicative of the anomalous With increasing field, T;,, decreases monotonically. For
magnetotransport effegtand the width of the field region sample A, the upper boundary roughly extrapolate8tg
across which the effect is realized are directly dependent on-49+4 T at the intersection witif=0. The boundary of
the purity of the sample. The measurements suggest that tRgmple B appears to curve down toward a similar limiting
tofield, although more data are necessary to characterize the
behavior at lower temperatures.

The inset to Fig. 11 shows a three-dimensional plot of the
compound? Its manifestation depends on sufficient sampleanomalous magnetotransport region of sample A. The rota-
quality for which we estimate a purity corresponding to ation angled is included and plotted along the vertical axis.
By is almost independent of temperature and angle within the

These findings are consistent with proposals that interprelotted rangé® and corresponds to th&-6 plane atB,
the anomalous magnetotransport region as a consequence-0p5 T. The region between this plane and the plotted sur-
face therefore marks the regime where the anomalous mag-
netotransport behavior occurs. If one follows the proposals
Since the Landau levels need to be sharply resolved for thef Refs. 1-5 and 21, the same region can be associated with
QHE to be feasible, diminished sample quality will eventu-the occurrence of the QHE.
ally rule out its observation. Thus only the cleanest samples The thermodynamic phase diagram af-(BEDT-
exhibit the QHE and a concomitant enhancement of the edgeTF),MHg(SCN), (M=K, TI) has been the subject of on-
state conductivity which is proposed to lead to the suppresgoing discussiofi’ While the phase boundary demarcating
the low-temperature—low-field state is universally accepted,
a more complicated phase diagram has been proposed out-
side this regior:2#8>°However, there is still considerable
debate as to the nature of the low-temperature—high-
magpnetic field regiori®1848=54The common feature of mod-
The information gathered in the previous sections can bels proposing a more complicated diagféf~*is a phase
defined by a boundary adjoining onto the low-temperature,
low-field state, extending toward higher magnetic fields and,
in extrapolation, intersecting thE=0 axis somewhere be-
Vy, etc) occur. Figure 11 shows such a diagram for samplesween 40 and 60 T. A comparison with Fig. 11 shows that
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this proposed low-temperature—high-magnetic-field state coserved in temperature sweeps of the interplane magnetoresis-
incides with the region defined by the anomalous magnetance.
totransport. However, while the lower bounddat ~B,) is The reduction of the oscillation maxima, however, is only
found to be independent of sample, the upper boundary iseen in interplane transport. de Haas—van Alphen oscilla-
strongly sample dependent, i.e., the ared®ef space cov- tions, on the other hand, have been shown to exhibit conven-
ered increases with the quality of the samfdee Figs. 10 tional behavior at low temperatures(also see Ref.)7 A
and 11. definition of the phase boundary of the low-temperature—
Following the proposar®2! that the occurrence of the high-field state by association with the observed fall in the
QHE is responsible for many of the characteristics of thetemperature dependencemyf, is therefore ambiguous, as the
anomalous region, the similarity between the proposed lowelecrease caused by the suppression of the oscillation maxima
temperature—high-field state and the anomalous magndwas to be taken into account. This decrease will be masking
totransport region ina-(BEDT-TTF),MHg(SCN), (M other effects which may be present. A very thorough study of
=K, TI) gives rise to the conjecture that the QHE may bethe thermodynamic properties of the sample, e.g., the mag-
realized only within this state. netization, is therefore necessary for the establishment of the
So far, there has been no comprehensive thermodynamizxact phase boundaries and the true nature of the state.
characterization of the low-temperature—high-field state, al-
though Ref. 7 contained some thermodynamic evidence of VII. CONCLUSION

the phase transition into this state. Its onset has mainly been In summary. we have carried out a comprehensive stud
associated with a decrease detected in the temperature depen- hary, ; P y
of the high-field region of the organic conductors

dence of the background interplane magnetoresistafhite. «-(BEDT-TTF),MHg(SCN), (M=K, TI) over a wide

Kartsovnik et al.” used the point of inflection and Sasaki ranae of anales. temperatures. and sweep rates. It is sud-
et al® the maximum seen in temperature sweeps to define th@"d 9 ") P ’ P T 9
ested that the “anomalous magnetotransport regime” is an

phase boundary. It is interesting to note that the observed f trinsic property of a-(BEDT-TTF),MHg(SCN), (M

in the background magnetoresistance at lower temperatur(!,\'_%

can be explained, at least partially, by the observed suppres- K, Tl), and that its observation is only subject to sufficient

sion of the maxima in the oscillatory part of the interplanets)ample qqacl;ty' A dﬁta'led _mappf)ln% of its occurrence hdas_
magnetoresistance. As showrp,, is mainly affected at feend ctarrls OUt'.T N r(tegn;ntr? P asetlspace occgplle IS
fields at which the chemical potential resides between adjat-Oun 0 be hr_erfr]upslgen ot the recently proposed low-

cent Landau levels, i.e., at integérB. The resistivity at emperature—high-field state.

values for whichu lies within a Landau level appears to be
much less affected’® Thus, with decreasing temperature,
the resistivity at integeF/B is suppressed, and may eventu-  This work was supported by EPSRC and the Royal Soci-
ally fall below the values at odd half-integ&/B. Conse- ety. The experimental work carried out at the Los Alamos

guently, the smoothly varying background resistance, as awational Laboratory was supported by the Department of
eraged over one wave form cycle, decreases as thEnergy, the National Science Foundation and the State of
temperature is lowered. Unless one chooses a value wheRdorida. The authors would like to thank Dieter Andres and

F/B is exactly an odd half-integer, this effect will be ob- Stephen Blundell for helpful discussions.
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