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Negative Hall plateaus and quantum Hall effect in(TMTSF),PFg
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We present our study of negative Hall plateaus associated with the magnetic-field-induced spin-density
waves(FISDW). Slightly above the the pressure necessary to stabilize superconductivity, the quantum Hall
effect associated with the field-induced spin density waves is interrupted by several negative Hall plateaus and
an in-between phase. Quantizations of the negative Hall plateaus suggests that these states may be identified as
FISDW states with negative quantum numbers. The in-between phase occurs from splitting of a phase bound-
ary deep inside the FISDW diagram and is reminiscent of the previously suggested arborescence.
[S0163-182609)05915-9

The (TMTSF)X (where TMTSF is tetramethyltetrasel- negative Hall effect in (TMTSE)X.***#In one approach, the
enafulvalene andX=PF;, CIO,, ...) family of organic  effect of pressure on the band structure was modeled as
conductors are notable for the first organic superconductivhigher order harmonic terms that distort the shape of the
ity, field-induced spin-density wavesFISDW) and the first  Fermi surfacé?® The additional terms in the band structure
quantum Hall effect as a bulk crystat.Under low tempera- result in the appearance of FISDW with carriers of opposite
tures, high magnetic fields, and high pressuressigns and consequently allow for the possibility of negative
(TMTSF),PF; exhibits a series of FISDW transitions ac- quantum numbered FISDW states. In an alternate approach,
companied by an integral quantum Hall effect states withthe effect of umklapp scattering on the FISDW transitions
ow=2Ne?/h, whereN=1,2,3, ... is the quantum number was studied’ Presence of umklapp scattering in the
of each FISDW phase. In the theoretical model develope@lectron-electron interaction alters the thermodynamics of
over a number of years, the quantum Hall effect inFISDW and produces commensurate FISDW states with
(TMTSF),X occurs as a result of orbital quantization of free negative quantum numbers. Depending on the choice of pa-
carriers in the presence of spin-density wave instatfitify. rameters, both models are able to produce a monotonic se-
The observation of the quantum Hall effect and the associguence of FISDW or an alternating sequence of positive and
ated phase diagram have provided compelling support for theegative quantum-numbered FISDW states.
model. In contrast to the theoretical predictions, certain re- In this paper we report on our study of FISDW in the
gions of the phase diagram in (TMTSK) are notable for region of pressure slightly above the superconducting critical
the appearance of negative as well as positive Hall plateaupressure. The sequence of positive quantum Hall states is
In this paper we present our study of the negative Hall plainterrupted by a series of negative Hall plateaus and an in-
teaus in (TMTSR)PF;. between phase. The in-between phase occurs from bifurca-

The dramatic sign changes in the Hall effect were initiallytion of a phase boundary at low temperatures and is reminis-
observed in highly ordered (TMTSEJIO, samples cooled cent of the arborescence of phase diagram that had been
slowly through its anion-ordering transition at 24’kSome  contemplated earlier in (TMTSELIO,. Our experiments
of the positive Hall plateaus seen earlier in partially orderedeveal a sequence of even quantum-numbered negative Hall
samples were replaced by negative Hall states in the monglateaus that complement the series of positive Hall plateaus.
slowly cooled samples. Subsequent experiments also showdthe resulting, complex sequence of FISDW transitions does
that the Hall effect in (TMTSREPPF; also exhibited promi- not exhibit a readily recognizable pattern. A high degree of
nent negative Hall effe&® Instead of few negative Hall sensitivity to pressure is exhibited by the negative Hall states
phases seen in the CJGalt, the PF salt exhibited many and the inbetween phase. At high pressures, all intervening
sign changes, leading to a wildly oscillatory Hall effect thatphases disappear and the previously reported positive quan-
alternates between positive and negative states. In spite aim Hall effect is recovered.
numerous reportings of the negative Hall effect in later stud- The experiment was performed using®He cryostat in
ies of (TMTSF),X, %1% ng coherent picture has emerged soconjunction with a superconducting magnet. A miniature
far. pressure cell was used to pressurize the sample. The pressure

It was recently suggested that the negative Hall plateawas gradually increased until the pressure barely exceeded
adjacent to thaN=2 FISDW state in (TMTSRPR, may the superconducting critical pressure of 6 kbar. Electrical
correspond to a negative quantum numbered FISDW tate.contacts to the samples were made in standard six-probe ge-
Performed under pressure at which only one negative dip iesmetry using silver paint to attach gold wires to the sample.
present, electric-field treatment of the sample has shown tbligh quality of the samples was evident from small mixing
produce a negative Hall plateau whose magnitude closelgf magnetoresistance and Hall signals. In general, Hall resis-
matched that of the positivl=2 plateau. This assignment tance greatly exceeded the longitudinal resistance. No elec-
of N=—2 quantum number to the negative Hall plateau hagric field treatment of the sample was necessary to observe
stimulated recent investigation of the possible origin of thethe negative Hall plateaus. Care was taken to avoid sample
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FIG. 1. Magnetoresistance and Hall effect of (TMT g, un- FIG. 2. Temperature-magnetic-field phase diagram of
der 6.5 kbar of pressure at 300mK. Inset: Hall effect at 0.3, 0.5, 0.7(TMTSF),PF; under 6.5 kbar of pressure. The gray-shaded “ar-
0.9, and 1.1 K. borescent” phase corresponds to an inbetween phase that occurs

from splitting of the phase boundary between e 4 and 5 field-

. . . . induced spin density waves. The phases that exhibit negative Hall
heating and possible nonohmic behavior in the FISDW Stat€ttact are marked with diagonal lines.

For most measurements, small excitation current, typically
less than 10QuA, was used and no evidence of nonlinearity tum number for the state. The second-largest negative Hall
was observed in our measurements. plateau at 7.5 tesla is similarly identified as tNe=—4

In Fig. 1 we present magnetoresistance and Hall effecFISDW state. Based on the trend of the first two negative
from a high quality (TMTSF)PF; sample under 6.5 kbar of plateaus, the next two negative Hall phases occurring at 5.8
pressure. Above the initial FISDW transition at 4 tesla, ap-and 4.2 tesla are assigned as tde —6 and —8 states,
proximately 17 transitions are observed at 300 mK. The trangiving rise to the sequence ®f=—2, —4, —6, and—8
sitions between FISDW subphases appear either as peaksriggative Hall plateaus.
the magnetoresistance or jumps in the Hall effect. The Hall In Fig. 2 we present a temperature-magnetic-field phase
effect is distinguished by a series of plateaus that are intefdiagram constructed from our extensive magnetotransport
rupted by a number of sign reversals. At least four distincistudies. The quantum number for each phase is derived from
negative Hall states are found. In general, these negative dipse ratios of the Hall plateau as discussed above. The FISDW
are much narrower than the neighboring positive plateaustates are separated from the metallic state by a boundary
and are accompanied by a doublet of magnetoresistanggat rises roughly linearly with the magnetic field. Though
peaks. In addition to the negative Hall states, a shallow dip imjiffering in the sign of the Hall effect, the FISDW subphases
the Hall effect is found at 8 tesla. The temperature depenwith negative Hall plateaus are nearly indistinguishable from
dence of the Hall plateaus between 5 and 10 tesla is illusether states within the phase diagram. More interestingly, the
trated in the inset of Fig. 1. While the magnitudes of thephase boundary betwedh=4 and 5 states splits and defines
positive and the negative Hall plateaus decrease monotonan inbetween phase below a tricritical point at 0.9 K. This
cally with increasing temperature, the dip in the Hall effect atinbetween phase occurs as a shallow dip in the Hall effect at
8 tesla initially becomes shallower as the temperature ig tesla and displaces tidé=5 phase at lower temperatures.
raised. Above 0.9 K, the dip disappears and is displaced byhis splitting of the phase boundary is suggestive of “ar-
the adjacent phase at lower magnetic fields. borescence” or a treelike splitting of the FISDW states that

The quantum number of the various FISDW states can b@ad been studied earlier in (TMTSf IO, (Refs. 15-17.
determined from the ratios of the Hall plateaus. The first fourwhile a multiple splitting of the FISDW phases into sub-
positive Hall plateaus can be clearly identified askhel, phases and sub-subphases had been suggested, we observe
2, 3, and 4 FISDW subphases. The narrow Hall plateau beonly one phase that clearly demonstrates such splitting inside
tween the shallow dip and the second negative dip near the FISDW phase diagram.
tesla is identified as thl=5 phase. The two Hall plateaus  In Fig. 3 we present the temperature dependence of the
below the second negative Hall dip correspond tokle6  Hall effect in various FISDW phases. While differing in
and 7 subphases. Thus, we find a full sequenceNof sign, both positive and negative Hall phases are found to
=1, 2, 3, ... positive Hall plateaus. Turning to the nega-exhibit a rather similar temperature dependence. The magni-
tive Hall plateaus, the height of the largest negative Haltude of the Hall effect in both positive and negative phases
plateau at 11 tesla is within 1% of the Hall resistance of théncrease with decreasing temperature. As the temperature is
adjacentN=2 plateau and we assign N —2 as the quan- further decreased the Hall effect reaches saturation, with the
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FIG. 4. Evolution of magnetoresistance and Hall effect of

Temperature(K) (TMTSF),PF; under pressure at 300mK.

FIG. 3. Temperature dependence of Hall effect for various field-

induced spin-density wave phases. The Hall resistance was megffect is qualitatively consistent with changes in either the
sured at the middle of the plateau in each FISDW phase. band structur® or the amplitude of umklapp scatteriﬁ‘b.

Our experiment shows that addition of approximately
saturation point being a function of the magnetic field. Thekbar of pressure is sufficient to completely alter the Hall
Hall effect of the inbetween phase is accompanied by a strikeffect. It remains to be seen whether such a small change in
ingly different temperature dependence. Temperature swedhe pressure produces large enough modification of param-
at 8 tesla cuts across two FISDW phases as can be seenéters in these models to explain the observed changes in the
Fig. 2. Abow 1 K the Hall effect mimics the data from the Hall effect.
adjacentN=5 phase. Upon entering the in-between phase Both theoretical models predict that some of the positive
below 1 K, the Hall effect rapidly decreases to zero as temguantum numbered FISDW states are suppressed due to the
perature is lowered. appearance of negative Hall platedtit* The experimentally

In Fig. 4 we compare the magnetoresistance and Hall efebserved sequence of FISDW states at low temperatures is as
fect under different pressures. While the sample under 6.%Jollows: N=0, 1, 2, —2, 3, 4, the inbetween phase, 5,
kbar of pressure exhibits a sequence of negative Hall pla—4, 6, 7, 8, —6, ... . No obvious trend or pattern is evi-
teaus and the in-between phase, a slight increase in pressufent in the sequence of observed transitions. While some
to 7.7 kbar removes all but the strongest negative Hall plaFISDW phases are slightly displaced by the negative Hall
teau at theN=—2 phase. At 10 kbar no negative Hall pla- plateaus and the inbetween phases, no suppression of posi-
teau is found and only the sequence of positive Hall plateausve quantum-numbered states are found. One possible
is found. Similar evolution of the phase diagram is also resource of the discrepancy may lie in the difference between
flected in the magnetoresistance. The split peaks in magnéhke orthorhombic symmetry employed in the model band
toresistance observed at 6.5 kbar has begun to merge instructure and the triclinic symmetry found in the real crystal.
one at 7.7 kbar of pressure, and the splitting has completelfdditional refinement of the quantized nesting model may be
disappeared at 10 kbar of pressure. necessary to resolve the difference from experimentally ob-

Our study of (TMTSF)PFR; shows that there are at least served to the theoretically predicted phases.
four distinct FISDW phases that exhibit the negative Hall In addition, the appearance of the inbetween phase below
effect in the vicinity of the superconducting critical pressure.1 K suggests of a more interesting possibility. The inbetween
The Hall effect at these pressures consists Mf phase derives from the splitting of the phase boundary be-
=1,2,3,4, ... positively quantized Hall plateaus as well asweenN=4 and 5 FISDW subphases. Unlike other FISDW
the sequence oN=-2, —4, —6, and —8 negatively phases, the Hall effect in the inbetween phase rapidly de-
guantized Hall plateaus. The evolution of the negative Halkcreases to zero as the temperature is lowered, and the mag-
states with temperature, as shown in the Hall effect and thaetoresistance never fully develops into a minimum. At pres-
phase diagram, suggests that these states are rather similastoges slightly below 6.5 kbar, the Hall effect in the
other FISDW states. These results provide a strong supposrborescent phase actually becomes negative at low tempera-
for the theoretical predictions that the negative Hall plateausures. At higher pressures, it quickly disappears. The bifur-
correspond to FISDW with even and negative quantuncation of the phase boundary, giving rise to a FISDW sub-
numbers>14 The observed pressure dependence of the Halphase deep inside the phase diagram, is reminiscent of the
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“arborescence” or the treelike splitting of FISDW phasesthe Hall effect in both salts occur from the same mechanism
that has been reported in (TMTSB)IO,.* In our experi- remains an open question.
ment, only one phase is observed with no evidence of addi- In summary, we have identified the series of FISDW
tional transitions. states that produce sign reversals of the Hall effect in
The theoretical study on arborescence has suggested pQssMTSF),PF,. At pressures slightly above the supercon-
sible mechanisms for arborescence as a fractional quantizgycting critical pressure, the negative Hall plateaus can be
tion of the Landau levels from a_ generalized nestingjgentified as even quantum-numbered FISDW states that are
condition;® multiple order parameter FISDW,and many- jnterspersed about the phase diagram. In addition, an inbe-
order parameters and higher-order energy dapowever, yeen phase reminiscent of previously contemplated arbores-
subsequent experiments *}2"6 dlscounteq the_ presence of @nce is found. Both the negative Hall plateaus and the in-
borescence In the Cl0salt,™ and the _appllcablmy of these between phase exhibit sensitivity to pressure. While a good
works to the inbetween phase seen in thg Bt is unclear gualitative agreement can be found with the modified quan-

at th|s. time. : . ized nesting models, the sequence of FISDW transitions and
While our paper supports the notion of sign-reversed Hal . ; . " . _
e origin of the inbetween phase require additional investi-

states being negative, even quantum numbered FISDW_..

. ; ; . ation.

states, there still remains a question over the negative Hafl

states in (TMTSF)CIO,. The negative Hall dips in the

ClO, salt do not exhibit the quantization observed in thg PF We would like to thank V.M. Yakovenko for useful dis-
salt, and the strongest negative Hall state in the,&@lt is  cussions. The studies at the University of Chicago was sup-
considerably wider and stronger than the negative Hall plaported in part by the MRSEC Program of the National Sci-
teaus in the PEsalt. Since the Cl@salt is complicated by ence Foundation under Award No. DMR-9400379 and the
the presence of anion ordering, whether the sign reversals @avid and Lucille Packard Foundation.
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