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We present a comprehensive set of pulsed-magnetic-field measurements of the quasi-two-dimensional or-
ganic conductorsa-(BEDT-TTF)2MHg(SCN)4 (M5K, Tl) 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 oscillations inrzz

is found to be directly related to the quality of the sample, and is suggested to be an intrinsic property of
a-(BEDT-TTF)2MHg(SCN)4 (M5K, Tl). 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.
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I. INTRODUCTION

The high-magnetic-field properties of the qua
two-dimensional organic charge-transfer sa
a-(BEDT-TTF)2MHg(SCN)4 (M5K, Tl) have attracted
much attention.1–10 The low-field, low-temperature states o
these materials exhibit a complex behavior, and are thou
to be density-wave~DW! states with complex Fermi surface
~see Ref. 11 for a recent review!. At fields above the so-
called ‘‘kink’’ transition @marked by a sharp kink in the mag
netoresistance occurring in the limit of low temperature
Bk;23 T for M5K ~Refs. 12–15! and Bk;25 T for M
5Tl ~Ref. 16!#, the Fermi surface~FS! is thought to consist
of a quasi-two-dimensional~Q2D! hole pocket and a pair o
quasi-one-dimensional~Q1D! electron sheets.9,11,17,18In the
purest samples, at;40 T, the Landau levels are sharply r
solved with an energy separation of\vc;2.0 meV, com-
pared with a broadening from quasiparticle scattering
,0.1 meV and an interplane bandwidth of,0.2 meV.6,19

Such sharply resolved Landau levels are one of the
requisites for the observation of the quantum Hall eff
~QHE!.6,20 It has been suggested that the second requirem
PRB 620163-1829/2000/62~12!/7908~12!/$15.00
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for the QHE, i.e., a mechanism for the pinning of the chem
cal potential between completely filled and empty Land
levels over extended intervals of field, is fulfilled by a bac
ground density of electronic states provided by the Q
sheets of the FS.6,19,21 Numerical calculations, taking into
account the finite warping of the Q1D sheets, have predic
an oscillatory field dependence of the Hall resistivity,rxy ,
with quantized plateaux in the vicinity of integer values
F/B,21 whereF is the fundamental frequency of the Landa
quantum oscillations. With rising magnetic field, an i
creased localization of the Q1D carriers might
expected,21,22 leading to a situation equivalent to that in 2
semiconductor systems. Some support for these propo
has come from the observation of plateaux inrxy in the M
5Tl salt in steady magnetic fields between 28 and 33 T.2 It
was suggested that the relative phase of the oscillation
rxy and those in the measured in-plane resisitivityr uu
' 1

2 (rxx1ryy) showed that there was some degree of loc
ization of the Q1D carriers at such magnetic fields.2,21

A further remarkable phenomenon occurs at high fie
and low temperatures ina-(BEDT-TTF)2MHg(SCN)4 (M
5K, Tl); quasipersistent induced in-plane currents are
7908 ©2000 The American Physical Society
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PRB 62 7909MAPPING OF THE ANOMALOUS MAGNETOTRANSPORT . . .
served at integer F/B in pulsed-field magnetization
studies.1,3 It has been suggested that these ‘‘eddy curr
resonances’’ are associated with deep minima inr uu which
might be expected to accompany the QHE.6 The induced
in-plane currents exhibit saturation or critical currentlike b
havior in pulsed-field magnetization1,3 and Hall potential
measurements.5

The fact that the bulk electronic density of states of
a-(BEDT-TTF)2MHg(SCN)4 (M5K, Tl) salts at high
magnetic field consists of widely-separated Landau lev
with Q1D states, possibly partly localized, in between s
gests that surface effects may become important. With
creasing magnetic field and falling temperature, interpla
transport through the bulk of the sample is expected to
proach a regime where conduction is very much lower wh
ever the chemical potentialm lies between two widely sepa
rated Landau levels. This leads to sharp peaks in
interplane magnetoresistivityrzz at integer filling factors.19,23

However, in a multilayered conductor with very sharply d
fined Landau levels, a chiral surface metal is expected
form at the edges of the sample through hybridization of
edge states associated with each layer.24–26 The chirality
arises from the fact that electrons can travel only along
direction perpendicular to the field, thereby suppressing
backscattering events.24,25 At fields when the bulk of the
sample will have low conductivity, these surface sta
should remain extended and dominate the conduction
pendicular to the layers, lowering the sharp maxima inrzz.
This effect has been demonstrated in semicondu
superlattices.27 When m resides within a Landau level, th
surface states are coupled to the bulk, as states in the int
of the sample, into which they can scatter, become availa
Therefore, the effect of the so-called chiral Fermi liquid
the sample edges24,25 on the longitudinal conduction is onl
observable at integerF/B.

In both a-(BEDT-TTF)2KHg(SCN)4 ~Ref. 3! and
a-(BEDT-TTF)2TlHg(SCN)4,4,5,28 experiments in steady
and pulsed magnetic fields have shown a suppression o
maxima in the interplane resistivityrzz with decreasing
temperature,29 even leading to a phase inversion of the osc
lations in the highest-quality samples3,4; elsewhere,7

‘‘nodes’’ were observed inrzz at certain temperatures an
fields. In Ref. 3, it was shown that while the values ofrzz at
integer F/B are strongly reduced, the temperature dep
dence at odd half-integerF/B is similar to that expected in
conventional bulk interplane transport. It was concluded t
the mechanism suppressing the amplitude ofrzz is chiefly
operational whenm lies between Landau levels3; this
was interpreted as the bypassing of bulk interplane cur
paths by highly conducting surface states at the edges o
sample.3,4 The amplitude reduction ofrzz was shown to take
place only in samples which also exhibited plateaux in
Hall resistivity and/or eddy current resonances in the mag
tization ~see Refs. 1–3 and 30, and this work; sample B
Ref. 2 is identical to sample B,M5Tl, of this work!, over
the same field and temperature range where the latter ef
were observed. Consequently, the suppression of the ma
in rzz was linked to the proposed presence of the QHE.3

For a comprehensive study, it is important to have a
tailed knowledge of the in-plane components of the resisi
ity tensor up to the highest magnetic fields. However,
t
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materials with a high intraplane/interplane anisotropy, it c
prove very difficult to avoid the admixture of a domina
interplane component to an in-plane resistance signal.2,31 In
a-(BEDT-TTF)2MHg(SCN)4 (M5K, Tl), this has so far
ruled out measurements ofrxy and r uu in pulsed magnetic
fields.2,4 However, these problems can be overcome by
lizing the induced eddy currents, characteristic of a puls
magnetic-field experiment, as the driving current of the
plane resistance measurement. In contrast to experim
where the current is applied externally, an inductive, wirel
provision ensures that current flows entirely within the la
ers, and keeps the measured voltage free from any unwa
interplane component.5 Using a Corbino-type geometry, thi
allows the Hall potentialVH between the center and periph
ery of the sample to be measured. For a cylindrical sampl
radiusa, VH is given by5

VH'a2
]B

]t

rxy

r uu
. ~1!

Such experiments can be used to study the ratiorxy /r uu ,

which is otherwise difficult to obtain experimentally.32

Within the proposed quantum Hall regime, the Hall potent
energyeVH was found to be limited by the cyclotron energ
\vc ,1,3,5 leading to a current saturation at sweep rates ty
cally achieved in pulsed magnetic fields and a concomit
enhancement ofr uu .

5 This can be observed as a marked no
linearity in the dependence ofVH on the sweep rate]B/]t,
and indicates a non-OhmicI -V characteristic of the sample

While the proposed existence of the QHE in t
a-(BEDT-TTF)2MHg(SCN)4 (M5K, Tl) salts is still con-
troversial, there is no doubt that several intriguing pheno
ena ~the eddy-current resonances, the saturation of the
duced currents and Hall potential, and the suppression of
maxima in rzz) occur simultaneously in low-temperatur
high-field magnetotransport data; in what follows, we sh
refer to these phenomena collectively as ‘‘anomalous m
netotransport.’’ In the pursuit of a theoretical understand
of these materials, it is desirable to discover the prerequis
for this anomalous behavior. Therefore, in this paper, we
the suppression of the maxima inrzz and the saturating be
havior of the Hall potentialVH in pulsed magnetic fields to
map theB-T-u-t space~here u is the angle between th
normal to the Q2D planes and the field, andt21 is the qua-
siparticle scattering rate! over which the anomalous magne
totransport effects are observed. Where appropriate, we s
point out aspects of the behavior which are consistent w
the presence of the QHE.

II. EXPERIMENTAL DETAILS

Measurements of the interplane magnetoresistance
the Hall potential were carried out in pulsed magnetic fie
of up to 60 T, temperatures between 400 mK and 15 K,
anglesu of up to 90° and sweep rates between 103 and
104 T/s, for a variety of samples of both theM5K and Tl
compounds. The samples used in the present study~samples
A, B, and C of theM5K salt and samples A and B ofM
5Tl) were taken from the same high-quality batches used
Refs. 1–3 and 5. All crystals were of similar dimensio
;1.531.530.1 mm3.
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7910 PRB 62M. M. HONOLD et al.
FIG. 1. Comparison ofrzz andVH at T50.5 K in a-(BEDT-TTF)2TlHg(SCN)4, with the field oriented normal to the conducting plan
(u50°); shaded regions denote where the oscillation phase inverts. The inset on the right shows the oscillatory components ofrzz andVH

within the low-field phase; vertical lines indicate fields at which the chemical potential lies exactly between Landau levels. The sc
on the top left shows the experimental configuration. For clarity, only the contact arrangement used to measureVH is drawn; dashed curve
indicate electric field lines for positive]B/]t. Two additional pairs of contacts~not shown! are placed on opposite faces of the crystal
measurerzz.
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The magnetoresistance was recorded using a fast loc
amplifier operating at a frequency of 511.8 kHz. The sa
pling time was set to 2ms. Voltage and current contacts we
placed on opposite sides of the crystals’ (a,c) faces, and
standard four-terminal techniques were used. The resist
was measured along thez axis, i.e., perpendicular to th
highly conducting planes; foru50, this direction is parallel
to the magnetic-field vector~cf. Fig. 1!. The contacts were
applied using graphite paint and had typical two-point res
tances of;10–20 V. A variety of sample currents up t
100 mA was used; care was taken to ensure that the app
current did not lead to sample heating. Control measu
ments were carried out at different lock-in frequencies
ensure that the observed effects were independent of me
ing frequency. dc experiments showed an admixture o
Hall voltage component,33 so that in this case the interplan
resistance signal could only be obtained after subtracting
ward and reverse current traces. We therefore note tha
techniques are to be preferred for reliable measuremen
the resistance in pulsed magnetic fields.

For Hall potential measurements, two voltage conta
were placed on the sample in an adaptation of the Corb
geometry.5 This configuration usually consists of a pair
ring contacts, one about a hole in the center, and the o
around the edges of the sample. However, since sample
a-(BEDT-TTF)2MHg(SCN)4 (M5K, Tl) are of a nonideal
shape, one contact has been placed on the center of th
surface and one at the edge~see Fig. 1!; a high-impedance
preamplifier was used to record the voltage. The crys
were mounted such that measurements ofrzz andVH could
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be carried out on successive shots, with the sample rem
ing in situ, ensuring that the same external parameters
plied.

Pulsed magnetic fields of up to 60 T with a rise time
;10 ms were provided by the Los Alamos National Hig
Magnetic Field Laboratory~Refs. 34 and 35!; plastic 3He
and 4He refrigerators were used to obtain temperatures
tween 0.4 and 15 K. A plastic one-axis rotator based o
wormdrive mechanism with an accuracy greater than 0
was purpose built for the rotation experiments.

III. RELATIVE PHASE OF OSCILLATIONS
IN rzz AND VH

Figure 1 compares the oscillations of the interplane m
netoresistivityrzz and the Hall potentialVH in a sample of
a-(BEDT-TTF)2TlHg(SCN)4, which will be referred to as
sample A. The traces are plotted against reciprocal field
temperature ofT50.5 K and atu50. According to bulk
magnetotransport theory,19,23 rzz is expected to display
maxima at integer values ofF/B, and therefore to oscillate in
phase withVH}rxy /r uu .

2,5,21 At the highest fields shown in
Fig. 1, rzz is roughly in phase withVH , and both exhibit
maxima at integer values ofF/B. However, at;44 T, rzz
displays what might loosely be termed a ‘‘node’’ atT
50.5 K ~Fig. 1!; over a region of field below this~the region
between the two gray shaded areas in Fig. 1! the oscillations
in VH andrzz are in antiphase. Figure 2 shows that the no
~indicated by gray shading! shifts to lower fields at higher
temperatures; at fields above the node,rzz exhibits maxima
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FIG. 2. Background-removed traces ofrzz within the high-field region atu50° for a variety of temperatures. The dotted lines indica
integer values ofF/B, the solid lines odd half-integer values ofF/B. The shaded regions denote a phase change ofDf5p.

FIG. 3. ~a! Field dependence of the Fourier amplitude of the oscillations inrzz at temperatures betweenT50.45 and 2.4 K atu50°; the
Fourier amplitude has a positive sign if the oscillations exhibit maxima at integerF/B, and a negative sign if they have minima.~b!
Temperature dependence of the Fourier amplitude atu50° at a variety of magnetic fields above the kink transition; the field indicated is
reciprocal of the midpoint of the Fourier window over which the transform was performed.
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FIG. 4. Background-removed traces ofrzz within the high-field region at a variety of angles atT51.2 K; dotted lines indicate intege
F/B, solid lines odd half-integerF/B. The shaded regions denote a phase change ofDf5p.
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at integerF/B ~dotted lines!, in agreement with the expecta
tions of transport theory,19,23 while at fields below it,rzz has
minimaat integerF/B.40 As mentioned above, the presen
of these minima inrzz at integerF/B has been attributed to
the presence of edge states which ‘‘short circuit’’ the curr
paths through the bulk of the sample.3,4 The node, occurring
at a temperature-dependent field which we shall denote
Binv , may thus be said to form a high-field limit of th
anomalous magnetotransport behavior. Note that over
field range at which the node is occurring~see Fig. 2!, the
oscillation phase ofVH remains unchanged, precluding th
possibility that the node may be due to beating, arising,
example, from an area difference between the neck and b
orbit of the Q2D FS cylinder.

The right-hand shaded region in Fig. 1 (;24.5 T,B
,28 T, rzz) indicates the field range where large hystere
in the resistivity occurs between upsweeps and downswe
of the magnetic field,2,8,13and where a change in the slope
Dingle plots8,9,36–39 has been observed; all are associa
with the ‘‘kink’’ transition from the low-field, low-
temperature state. The transition region is thought to
spread out due to the influence of the oscillatory part of
chemical potential,m̃, which becomes comparable to th
DW order parameter, and induces a series of first-order t
t

as

he

r
lly

s
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d
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n-

sitions between the two states.12 At fields below this transi-
tion region, the oscillationsVH andrzz in this sample appea
to possess the same phase~Fig. 1, inset!. However, the quan-
tum oscillations in the low-field, low-temperature phase a
greatly complicated by a pronounced splitting, ascribed t
dominant 2F frequency in the free energy, caused by t
effect of m̃ on the width of the DW gap.11,12

The changes in phase can also be detected using Fo
analysis. In Fig. 3~a!, the field dependence of the Fourie
amplitude40 of the fundamental frequencyFa5667 T of the
Q2D FS orbit is plotted for a variety of temperatures, w
the phase information of the transform retained. The phas
the transform is set using data at fields above the kink
follows; the Fourier amplitude is taken to bepositiveif rzz is
higher at integerF/B than at half-integerF/B, whereas the
Fourier amplitude is taken to benegativeif rzz is lower at
integerF/B than at half-integerF/B. Therefore, at high tem-
peratures, where the data are in agreement with theorie
magnetotransport,19,23 ~i.e., before the anomalous transpo
sets in; see Fig. 2! the amplitude is positive. When th
anomalous transport occurs, the peaks in the oscillations
eaten away,3,4 until rzz at these fields can be lower than th
at half-integerF/B ~see Fig. 2!. At this point, the amplitude
will become negative; previous works have associated s
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FIG. 5. Phase-sensitive plots of the angle dependence of the Fourier amplitude ofrzz at different fields for~a! T50.5 K and~b! T
52.1 K. The data points have been connected by spline curves.
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negative Fourier amplitudes with the presence of the hig
efficient surface conduction mechanism.3,4

Figure 3~a! shows that the interval in reciprocal field ov
which large negative amplitudes occur decreases with
creasing temperature; i.e.,Binv is converging towards the
field of the kink transitionBk with increasing temperature
Thus the greatest relative reduction of the amplitude of
rzz oscillations takes place soon above the transition into
high-field state atBk , in contrast to assumptions of previou
works,3,4 which proposed that this was the case at the high
fields. Figure 3~b! emphasizes that the presence of t
anomalous magnetotransport region produces a temper
dependence of therzz oscillations which is very differen
from the expectations of the conventional Lifshitz-Kosevi
formalism for quantum oscillations,41 showing that the appli-
cation of such techniques to the analysis of magnetotrans
data from a-(BEDT-TTF)2MHg(SCN)4 (M5K, Tl) at
high fields is of dubious utility.

In addition to its dependence on temperature,Binv also
changes with rotation angleu between the direction of the
magnetic field and the normal to the conducting planes. F
ure 4 shows the development of the oscillatory componen
rzz ~Ref. 40! with angleu at a temperature ofT51.2 K. The
inversion fieldBinv moves toward higher fields with increa
ing angle, and is eventually pushed out of the available fi
range foru.35°.

Complementary information can be gained by investig
ing the angle-dependence of the Fourier amplitude within
high-field state~Fig. 5!. At T50.5 K @Fig. 5~a!#, the oscilla-
tion phase is inverted, for all but the highest-field trace, at
angles up tou;47°. As the temperature is increased, t
data revert back to positive amplitudes; atT52.1 K @Fig.
5~b!#, the interplane transport appears to have a positive F
rier amplitude at all fields foru,40°. As forT50.5 K, the
Fourier amplitude becomes positive again atu;47°. How-
ever, this second sign change can be associated with a
splitting zero, occurring whenever the spin reduction fac
Rs5cos@pg* (m* /me)/2# of the oscillation amplitude equal
zero41; g* denotes the effective Lande´ g factor,m* the qua-
ly
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siparticle effective mass, andme the free-electron mass. Ow
ing to the Q2D nature ofa-(BEDT-TTF)2TlHg(SCN)4 , m*
scales with 1/cosu as the angle is increased,42 so that the
condition for a spin-zero is given by

g*
m* ~0°!

me

1

cosu
52s11, ~2!

wheres is an integer. The first spin-zero can be realized
s52 and with u25(4762)°; this yields g* m* (0°)/me
53.460.1. This compares with a value of 3.63 obtained
the M5K compound.43 Using m* ;1.8 me ,3,38,44 an effec-
tive g factor of 1.960.1 can be derived. Further spin zer
are expected for anglesus;61°,68°,72°, . . . , but can no
be resolved in our measurement due to the limited amoun

FIG. 6. Angle dependence of the upper inversion fieldBinv for
temperatures between 0.5 and 1.8 K. The dotted lines are fits to
data of the functionBinv(u)5Binv(0°)/(cosu)n; n is a fit parameter
and was determined to be;1.85, 1.75, 1.65, 1.5, and 1.3 forT
50.5, 0.9, 1.2, 1.5, and 1.8 K, respectively.



7914 PRB 62M. M. HONOLD et al.
FIG. 7. Oscillatory part of the Hall potentialVH at T50.5 K, plotted against the reciprocal field for a variety of angles 0°<u<60°; the
dotted lines indicate integerF/B, and the solid lines odd half-integerF/B.
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data in this angle range. The strong second harmonic con
at u550° in Fig. 4, which becomes more pronounced
lower temperatures, can therefore be attributed to Zee
spin splitting, in contrast to that of the oscillations within th
low-field phase~cf. Fig. 1!.

Virtually all previous work links the observation o
anomalous magnetotransport phenomena with the estab
ment of very well-resolved Landau levels.3,4,6 Following this
reasoning, the lower boundary fieldBl for entry into the
region in which anomalous magnetotransport occurs sho
depend largely on the establishment of a suitably large
ergy separation\vc between adjacent Landau levels. Sin
\vc decreases with cosu as the angle is increased,Bl(u) is
expected to scale with 1/cosu. For each magnetic fieldB,
there is then a limiting angleu l at which\vc becomes too
small. This should be observable as a further zero crossin
the Fourier amplitude. However, for the temperatures sho
in Fig. 5, this does not appear to be the case foru,50°,
above which the resolution becomes too low. We can he
estimate an upper limit forBl(0°) at T50.5 K, using num-
bers from Fig. 5~a!: Bl(0°);cosu3Bl(u),cos 50°327.1 T
517.5 T,Bk . However, as a consequence of its reconstr
tion in the low-field, low-temperature state, the FS topolo
becomes much more complex belowBk ,11 so that in prac-
tice, Bk;25 T seems to be the lower limiting field for th
observation of the anomalous magnetotransport.

Figure 6 shows the angle dependence ofBinv derived from
nt
t
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ld
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data such as those in Fig. 3; the values ofBinv correspond to
the zero crossings of the Fourier amplitude ofrzz.45 The
angle dependence ofBinv varies with temperatures; the do
ted lines in Fig. 6 correspond to fits of the formBinv(u)
5Binv(0°)/(cosu)n, using the powern as a fit parameter;n
increases from a value of;1.3 at T51.8 K to n;1.85 at
T50.5 K.

In models which associate the anomalous behavior ofrzz

with the presence of surface conducting paths,Binv would
represent the field at which the oscillations inrzz revert back
to a mode which can be described by bulk interpla
transport.19,23 In such a picture, any mechanism which led
a return to bulk conduction would also suppress the QHE
a similar field. In Ref. 5, it was proposed that a degradat
of the suggested QHE could be caused by the onset of m
netic breakdown between the Q1D and Q2D sections of
FS ~one might regard this as the fragmentation of the sim
electronic density of states, composed of widely spaced L
dau levels plus a slowly varying background from the Q1
states, into a plethora of magnetic breakdown levels!. If this
were the case, one might expectBinv to be related to a critica
field Bc at which the magnetic breakdown probabili
reached some valuePc sufficient to destroy the QHE. As
suming thatPc5e2B0 /Bc is independent of angle in a firs
approximation,Bc might be expected to scale in the sam
way as the magnetic breakdown fieldB0, which will be pro-
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FIG. 8. Field dependence of the Fourier amplitude of the fundamental frequency ofVH for ~a! a variety of temperatures atu50° and~b!
a variety of angles atT50.5 K. The Fourier window was taken over the high-field region. The data points were connected by
functions; arrows indicate local maxima.
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portional to 1/cosu in a simple Q2D model.41 As noted
above,Binv in fact follows a rather faster variation withu,
which also depends on temperature, showing that suc
model is at the very least an oversimplification.

IV. OSCILLATIONS OF THE HALL POTENTIAL

We now turn to the quantum oscillations of the Hall p
tential of a-(BEDT-TTF)2TlHg(SCN)4. Figure 7 shows
Hall potential data from which the slowly varying magn
toresistance background has been subtracted for angle
tween 0° and 60°~sample A atT50.5 K). At all fields and
for u,40°, the oscillations exhibit maxima whenm lies be-
tween Landau levels, as is expected from the proportiona
of VH with rxy /r uu .

5 With increasing angle, a very stron
a

be-

ty

second harmonic content appears, and dominates the os
tory wave form at angles between 30° and 50°. The positi
of the maxima and minima invert between 40° and 50°. T
agrees with the observation of a spin-splitting zero in
interplane resistivity within the same angle range~cf. Fig. 5!.

The amplitude of the Hall potential oscillations is e
pected to be strongly dependent on whether the samp
within the anomalous magnetotransport regime. As sum
rized in Sec. I, within this regime it appears th
deep minima in r uu lead to sharp maxima ofVH at
integer F/B. Pulsed-magnetic-field measurements
a-(BEDT-TTF)2TlHg(SCN)4 ~Ref. 5! have shown that
these maxima are truncated aseVH becomes comparable t
the cyclotron energy\vc . As one leaves the anomalous r
gion, however, the minima inr uu are expected to rise sharply
FIG. 9. ~a! Peak-to-peak amplitudeVH
pp of the oscillations inVH plotted against]B/]t for a variety of fieldsB below and above the kink

transition. The solid lines are fits of the data to the functionVH
pp5g(]B/]t)VH

lim/@g(]B/]t)1VH
lim# for B>27.5 T; g and VH

lim are fit
parameters; the fit forB524 T is linear. The fits merely act as guides to the eye. Inset:VH

pp2]B/]t dependence atT51.5 K for B535 and
40 T. The solid lines are linear fits.~b! Plots atT50.5 K for a variety of angles 0°<u<60°. The solid lines are fits of the data as in~a!.
Inset: temperature dependence of the Fourier amplitude ofVH at u50°; the solid line is a least-square fit.



a

nc
-
th

n-
s

tw
a

ila

e

s
o
h
th
te
al
f
nk
n
ta

th

t

s

it

f
f
a
u

-

pe
in

h
s
on

o
la
ea

C of

ere
ng

the

nt

d-
-
t is,
n-
b-

u-
are
onal
ni-
,

st
de

the

7916 PRB 62M. M. HONOLD et al.
leading to a reduction of the maxima ofVH .5 A turning point
in the oscillation amplitude ofVH may therefore be used as
means of delimiting the anomalous region.

Figure 8 shows the development of the field depende
of the Fourier amplitude ofVH both for increasing tempera
ture and rotation angle. It can be seen that the position of
maximum Fourier amplitude moves down in field with i
creasing temperature and up in field as the angle increa
Hence the maximum Hall potential amplitudeVH,max be-
haves in an equivalent fashion to the fieldBinv as a function
of temperature and angle. It should be noted that the
techniques described to probe the state of the sample
completely independent of each other, but both yield sim
limits for the anomalous magnetotransport region.

Apart from factors of proportionality, theI -V characteris-
tics of the sample can be seen by plotting the peak-to-p
amplitudeVH

pp of the oscillations inVH against the sweep
rate]B/]t ~Ref. 5!; the circulating currentI 5VH /rxy (rxy is
constant at fixed field and temperature! and the driving elec-
tromotive forceV}]B/]t. A nonlinear dependence indicate
the saturation of the induced current, a phenomenon ass
ated with the anomalous magnetotransport regime; this
been interpreted in connection with the breakdown of
QHE.1,3,5 An Ohmic dependence at pulsed-field sweep ra
on the other hand, suggests that one is outside the anom
region. Figure 9~a! shows theVH

pp2]B/]t dependence o
sample A for a variety of fields below and above the ki
transition at a temperature ofT50.5 K. Sweep rates betwee
1000 and 10000 T/s were generated by changing the vol
to which the capacitor bank was charged.34,35 It can be seen
that while the dependence is nonlinear for all fields above
kink transition, it is Ohmic forB;24 T. This supports the
earlier suggestion that the anomalous magnetotranspor
gion is only established for fieldsB.Bk . The largest non-
linearity is observed forB;35 T. The fact that the feature
become less pronounced atB;40 T is consistent with the
measurements ofrzz reported in Sec. III~cf. Fig. 1!. At T
51.5 K andu50° @see the inset to Fig. 9~a!#, the I -V char-
acteristics for 35 and 40 T are Ohmic. This is consistent w
Fig. 6, which shows that the upper phase inversion fieldBinv
at T51.5 K is ;32 T. In Fig. 9~b!, the angle dependence o
VH

pp against]B/]t up tou560° is plotted at a temperature o
T50.5 K. All curves are nonlinear, which indicates
saturating-current-like behavior, indicative of the anomalo
magnetotransport regime, for rotation angles up to 60°.

Finally, the inset to Fig. 9~b! shows the temperature de
pendence of the Fourier amplitude ofVH . The rise at
low temperatures is much steeper than for other ty
of quantum oscillations previously observed
a-(BEDT-TTF)2MHg(SCN)4 (M5K, Tl).9,13,16,36,43If one
were to naively fit the data to the Lifshitz-Kosevic
formalism,41 the slope would correspond to an effective ma
of m* ;5.3me . This, however, can be taken as an indicati
~recalling thatVH}rxy /r uu! that the deep minima inr uu are
rapidly disappearing as the temperature rises.

V. SAMPLE DEPENDENCE

In this section, we present a systematic study of the
currence of the anomalous magnetotransport in the interp
magnetoresistivity as a function of sample quality. The m
e
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surements were conducted on three samples A, B, and
the M5K compound and two samples A and B of theM
5Tl compound. Samples A, B, and C of theM5K salt were
shown to have Dingle temperaturesTD of 2.160.3, 1.7
60.1, and 0.460.2 K, respectively, within their high-field
states. The Dingle temperatures of samples B and C w
determined in pulsed-field magnetization studies, followi
the method described in Ref. 3.TD of sample A was derived
from fitting the Lifshitz-Kosevich formalism41 to the resis-
tance data, the applicability of which was warranted by
relatively low quality of the sample.19 Sample A of theM
5Tl salt ~the sample used in Secs. III and IV of the prese
study! was found to have a Dingle temperature ofTD50.6
60.2 K, again derived from pulsed-field magnetization stu
ies. TD of sample B,M5Tl, was not available as no mag
netization experiments were carried out on this sample. I
however, likely to have the overall highest quality, as qua
tum oscillations of up to a temperature of 15 K were o
served~see the inset to Fig. 10!.

Figure 10 shows a plot of the Fourier amplitudes ofrzz
against reciprocal field atT50.5 K. Samples A–C of the
M5K salt exhibit a direct relationship between sample p
rity and the degree to which negative Fourier amplitudes
observed. The least pure sample, A, has a very conventi
field dependence with its amplitude increasing monoto
cally with field. Sample B already displays a local minimum
while its Fourier amplitude remains positive. The pure
sample, C, however, exhibits a negative Fourier amplitu
over a field region of;22.5 T,B,34.5 T. An even larger

FIG. 10. Phase-sensitive plot of the field dependence of
Fourier amplitude ofrzz in samples A, B, and C of theM5K
compound, and sample A of theM5Tl compound;T50.5 K, u
50°. Inset: temperature dependence of therzz Fourier amplitude of
sample B, M5Tl, for 1.2 K<T<15 K; Fourier window: 27 T
,B,50 T. The data points were connected by spline curves.
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FIG. 11. Diagram mapping the ‘‘anomalou
magnetotransport region.’’ The phase bounda
of the low-temperature–low-field DW state ha
been determined by measuring the kink fieldBk

on downsweeps of the magnetic field. Fille
squares indicate data points derived fromrzz

traces of sample A; triangles correspond
sample B. The shaded area denotes the transi
region between the DW and anomalous regim
~see text!. Inset: Three-dimensional diagram wit
the rotation angle plotted along the vertical ax
the data have been smoothed by adjacent ave
ing. TheT-u plane atB;25 T corresponds to the
lower phase boundary atBk ~see the text!.
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interval in field (;25 T,B,44 T) with reversed oscillation
phase is observed for sample A of theM5Tl compound~see
also Fig. 3!. The different lower critical fields result from th
different values ofBk in both salts.2,16,42Finally, sample B of
M5Tl, shows the most pronounced effects. The inset to F
10 shows a plot of its oscillation amplitude for a temperat
of up to 15 K atu50°; the phase inversion temperatureTinv
of 2.1 K is the highest thus far observed for a transfo
performed across the entire high-field region@cf. Fig. 3~b! of
this work and Fig. 3 of Ref. 3#.

In summary, the occurrence of the negative Fourier a
plitude of the oscillations inrzz ~indicative of the anomalous
magnetotransport effects! and the width of the field region
across which the effect is realized are directly dependen
the purity of the sample. The measurements suggest tha
anomalous magnetotransport region is intrinsic
a-(BEDT-TTF)2MHg(SCN)4 (M5K, Tl) charge-transfer
salts, and should also be observable in theM5Rb
compound.29 Its manifestation depends on sufficient sam
quality for which we estimate a purity corresponding to
Dingle temperature of&1 K to be necessary.

These findings are consistent with proposals that inter
the anomalous magnetotransport region as a consequen
the QHE.6 An increased quasiparticle scattering ratet21 will
lead to an increased broadening\/t of the Landau levels.
Since the Landau levels need to be sharply resolved for
QHE to be feasible, diminished sample quality will even
ally rule out its observation. Thus only the cleanest samp
exhibit the QHE and a concomitant enhancement of the e
state conductivity which is proposed to lead to the supp
sion of the maxima inrzz.3

VI. DIAGRAM OF THE ANOMALOUS
MAGNETOTRANSPORT REGIME

The information gathered in the previous sections can
compiled to draw a diagram of the region inB-T space over
which the anomalous magnetotransport characteristics~rela-
tive phase inversion ofrzz andVH , non-Ohmic behavior of
VH , etc.! occur. Figure 11 shows such a diagram for samp
.
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e
-
s

ge
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e
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A and B of a-(BEDT-TTF)2TlHg(SCN)4 at u50°. The
boundary of the low-temperature–low-field state was de
mined by measuring the kink fieldBk on downsweeps of the
magnetic field~cf. Refs. 13, 14, 16, 37, and 42!. The two
boundaries at higher fields delineate the change from ano
lous to conventional oscillation mode in samples A and
respectively. The shaded area in Fig. 11 represents the re
of strong hysteresis between upsweeps and downsweep
the magnetic field. In the higher-quality sample B,Tinv
curves up to form a continuation of the boundary of t
low-temperature, low-field state~the ‘‘kink’’ transition!.
With increasing field,Tinv decreases monotonically. Fo
sample A, the upper boundary roughly extrapolates toBinv
;4964 T at the intersection withT50. The boundary of
sample B appears to curve down toward a similar limiti
field, although more data are necessary to characterize
behavior at lower temperatures.

The inset to Fig. 11 shows a three-dimensional plot of
anomalous magnetotransport region of sample A. The r
tion angleu is included and plotted along the vertical axi
Bk is almost independent of temperature and angle within
plotted range,46 and corresponds to theT-u plane at Bk
;25 T. The region between this plane and the plotted s
face therefore marks the regime where the anomalous m
netotransport behavior occurs. If one follows the propos
of Refs. 1–5 and 21, the same region can be associated
the occurrence of the QHE.

The thermodynamic phase diagram ofa-(BEDT-
TTF)2MHg(SCN)4 (M5K, Tl) has been the subject of on
going discussion.47 While the phase boundary demarcatin
the low-temperature–low-field state is universally accept
a more complicated phase diagram has been proposed
side this region.7,8,48–50However, there is still considerabl
debate as to the nature of the low-temperature–hi
magnetic field region.7,8,18,48–54The common feature of mod
els proposing a more complicated diagram7,8,48–50is a phase
defined by a boundary adjoining onto the low-temperatu
low-field state, extending toward higher magnetic fields a
in extrapolation, intersecting theT50 axis somewhere be
tween 40 and 60 T. A comparison with Fig. 11 shows th
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this proposed low-temperature–high-magnetic-field state
incides with the region defined by the anomalous mag
totransport. However, while the lower boundary~at ;Bk) is
found to be independent of sample, the upper boundar
strongly sample dependent, i.e., the area ofB-T space cov-
ered increases with the quality of the sample~see Figs. 10
and 11!.

Following the proposal1–5,21 that the occurrence of th
QHE is responsible for many of the characteristics of
anomalous region, the similarity between the proposed l
temperature–high-field state and the anomalous ma
totransport region ina-(BEDT-TTF)2MHg(SCN)4 (M
5K, Tl) gives rise to the conjecture that the QHE may
realized only within this state.

So far, there has been no comprehensive thermodyna
characterization of the low-temperature–high-field state,
though Ref. 7 contained some thermodynamic evidence
the phase transition into this state. Its onset has mainly b
associated with a decrease detected in the temperature d
dence of the background interplane magnetoresistance7,8,49

Kartsovnik et al.7 used the point of inflection and Sasa
et al.8 the maximum seen in temperature sweeps to define
phase boundary. It is interesting to note that the observed
in the background magnetoresistance at lower temperat
can be explained, at least partially, by the observed supp
sion of the maxima in the oscillatory part of the interpla
magnetoresistance. As shown,3 rzz is mainly affected at
fields at which the chemical potential resides between a
cent Landau levels, i.e., at integerF/B. The resistivity at
values for whichm lies within a Landau level appears to b
much less affected.3,19 Thus, with decreasing temperatur
the resistivity at integerF/B is suppressed, and may event
ally fall below the values at odd half-integerF/B. Conse-
quently, the smoothly varying background resistance, as
eraged over one wave form cycle, decreases as
temperature is lowered. Unless one chooses a value w
F/B is exactly an odd half-integer, this effect will be ob
t
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served in temperature sweeps of the interplane magnetor
tance.

The reduction of the oscillation maxima, however, is on
seen in interplane transport. de Haas–van Alphen osc
tions, on the other hand, have been shown to exhibit conv
tional behavior at low temperatures3,4 ~also see Ref. 7!. A
definition of the phase boundary of the low-temperatur
high-field state by association with the observed fall in t
temperature dependence ofrzz is therefore ambiguous, as th
decrease caused by the suppression of the oscillation ma
has to be taken into account. This decrease will be mask
other effects which may be present. A very thorough study
the thermodynamic properties of the sample, e.g., the m
netization, is therefore necessary for the establishment of
exact phase boundaries and the true nature of the state.

VII. CONCLUSION

In summary, we have carried out a comprehensive st
of the high-field region of the organic conducto
a-(BEDT-TTF)2MHg(SCN)4 (M5K, Tl) over a wide
range of angles, temperatures, and sweep rates. It is
gested that the ‘‘anomalous magnetotransport regime’’ is
intrinsic property of a-(BEDT-TTF)2MHg(SCN)4 (M
5K, Tl), and that its observation is only subject to sufficie
sample quality. A detailed mapping of its occurrence h
been carried out. The region of phase space occupie
found to be reminiscent of the recently proposed lo
temperature–high-field state.
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