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Magnetoresistance measurements have been carried out along the highly conductinga axis in the field-
induced spin-density wave~FISDW! phase of hydrogenated and deuterated (TMTSF)2ClO4 for various cool-
ing rates through the anion ordering temperature. With increasing the cooling rate,~i! the high-field phase
boundarybHI , observed at 27 T in hydrogenated samples for slowly cooled, is shifted towards a lower field,
~ii ! the last semimetallic SDW phase belowbHI is suppressed, and~iii ! the FISDW insulating phase abovebHI

is enhanced in both salts. The cooling rate dependence of the FISDW transition and ofbHI in both salts can be
explained by taking into account the peculiar SDW nesting vector stabilized by the dimerized gap due to anion
ordering.
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na

ri
d
in

-
o
a

ce
s

DW

o

a
-

s
on

am
-
n.
n
-
W
SF
the
ion
i
the
sed.

the

the
ted,

O

AO
es-
we
ured
I. INTRODUCTION

The quasi-one-dimensional~Q1D! organic compounds
(TMTSF)2X, where TMTSF denotes tetramethyltetrasele
fulvalene andX5PF6, AsF6 , ClO4, etc., show many inter-
esting phenomena such as superconductivity, anion orde
~AO!, spin-density wave~SDW!, a cascade of field-induce
SDW ~FISDW!.1 The phase diagram of the FISDW phase
the PF6 salt, with quantized Hall resistancerxy;h/(n2e2) in
the sequencen5•••4,3,2,1,0 as the magnetic field is in
creased, is successfully explained by the mean-field the
named the ‘‘standard model’’ based on the nesting of a p
of slightly warped parallel sheets of the Q1D Fermi surfa
The states labeled with integern have been identified a
semimetallic FISDW states while that withn50 is a FISDW
insulating state. However, the phase diagram of the FIS
phase in hydrogenated (TMTSF-h12)2ClO4 ~abbreviated as
h-ClO4 hereafter! for the case of slow cooling is known t
show disagreements with the standard model i.e.,~i! in the
low-field cascade of FISDW transitions, the sequence of H
plateaus is not in the expected order.2 ~ii ! a very stable quan
tum Hall state is observed from 7.5 to 27 T.3,4 ~iii ! the
FISDW transition temperatureTFISDW (;5.5 K) is indepen-
dent of field above 15 T.5 In order to explain the difference
between PF6 and ClO4 salts, attention has been focused
the anion ordering which occurs inh-ClO4 at 24 K and
dimerizes the system along theb direction by a superlattice
0163-1829/2002/66~2!/024425~5!/$20.00 66 0244
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potentialV with a wave vectorQ5(0,1/2,0).6 This dimeriza-
tion separates the original Fermi surface~FS! into two pairs
of open orbit FS sheets. Although the FISDW phase diagr
in the slowly cooledh-ClO4 salt is widely investigated ex
perimentally and theoretically, however, it is still in questio

When theh-ClO4 salt is rapidly cooled through the anio
ordering temperatureTAO , the orientations of anions are fro
zen in two directions at random probability and the SD
phase is induced. In general, the deuteration of the TMT
salt is thought to work as a positive chemical pressure in
crystal.7 When the positive chemical pressure by deuterat
is applied to the ClO4 salt, the nesting of the Q1D Ferm
surface becomes more imperfect and the stabilization of
SDW phase in the intermediate cooled states is suppres
As a result, the deuterated (TMTSF-d12)2ClO4 salt ~abbrevi-
ated asd-ClO4 hereafter! is expected to show the FISDW
phase in a broad range of cooling rates in contrast with
case of hydrogenated ones.

In this paper, we describe the cooling rateRC dependence
of the FISDW phase diagram for the hydrogenated, for
smallest cooling rate accessible: 0.0009 K/s, and deutera
for different cooling rates: 0.0009, 0.018, and 0.67 K/s, Cl4
salts under strong magnetic fields applied parallel to thec*
axis; we discuss the role of the dimerized gap due to
controlled by the cooling rate, and that of the chemical pr
sure by deuteration in the FISDW phase diagram, and
compare the results in deuterated salts with those meas
in hydrogenated ones.
©2002 The American Physical Society25-1
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II. EXPERIMENT

Single crystals of (TMTSF)2ClO4 were synthesized by
the standard electrochemical method. The resistance m
surements along the conductinga axis were carried out using
a standard four-probe dc method over the temperature ra
from 1.5 to 10 K. The typical size of the sample was
30.130.1 mm3. Electric leads of 10mm gold wire were
attached with silver paint onto gold evaporated contacts.
current contacts covered the whole areas of both ends o
sample for a uniform current. In order to prepare states w
various degrees of anion ordering, the sample was heate
to 40 K, and then cooled again with a progressive decreas
the heating to give a controlled cooling rateRC. The tem-
perature was measured using a Cernox CX-1050-SD re
tance thermometer calibrated by a capacitance senso
magnetic fields. The measurements in the fields to 28 T w
done in a resistive magnet at the Grenoble High Magn
Field Laboratory.

III. RESULTS AND DISCUSSION

Figure 1 shows the magnetoresistance along the hig
conducting a axis in hydrogenated and deuterat
(TMTSF)2ClO4 at 1.5 K for relaxed state, in whichRC is
about 0.0009 K/s. Magnetic fieldB up to 28 T was applied
parallel to the lowest conductivity directionc* . For hydro-
genatedh-ClO4, it is found from the sudden increase of r
sistance that the transitions to the first and last (n51) semi-
metallic SDW phase take place at about 6.5 and 8
respectively. With increasingB, the nonoscillatory back-
ground resistanceR0 goes up and has a broad peak betwe
10 and 15 T and a decrease above 15 T. The magnetor
tance shows hysteresis between 14 and 21 T. The rapid
cillation ~RO! is clearly seen above 14 T in Fig. 1. Above 2
T the field which was proposed by McKernanet al. as a new
phase boundarybHI of a first-order transition,5 both R0 and
the amplitude of RO suddenly increases; the magnetore

FIG. 1. Magnetoresistance along the highly conductinga axis in
hydrogenated and deuterated (TMTSF)2ClO4 for the relaxed state
~cooling rate about 0.0009 K/s! with the magnetic field parallel to
the lowest conductivity directionc* at 1.5 K.
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tance shows an isosceles triangle shape. The sudden inc
of R0 and of the RO amplitude is consistent with previo
results.8 On the other hand, by deuteration of the ClO4 salt,
TAO increases from 24 to 27 K, and the transition field to t
first and last semimetallic SDW phase increases from 6.5
7 T and from 8 to 9.7 T, respectively. In addition, the field
the broad peak shifts to the high-field side and the ph
boundary at high fieldbHI is not observed below 28 T. Thi
indicates that deuteration of the ClO4 salt moves the FISDW
phase boundary towards the high pressure side andbHI is
pushed out above 28 T. These results are regarded as
consequence of a positive chemical pressure in the crysta
deuteration.9,10 This is consistent with usual deuteratio
effects.7,11 Moreover, the magnetoresistance ofd-ClO4
shows a steplike change from the phase between 10 and
to the phase above 20 T with hysteresis between 14 and 2
Although the possibility of a new phase boundary has b
proposed around 17 T forh-ClO4 from magnetoresistanc
measurements,12 the origin of the above steplike magnetor
sistance and hysteresis is unsolved.

The cooling rateRC dependence of the magnetoresistan
of d-ClO4 at 1.5 K is shown in Fig. 2. From this figure, w
find that the transition field to the last semimetallic SDW
9.7 T is not sensitive toRC. This means thatRC in this
region dose not change the effective pressure in the cry
With increasingRC, the sudden increase of the resistance
9.7 T becomes rounded, and both the RO and the large
teresis of the magnetoresistance becomes dim in the sem
tallic SDW phase. Moreover,bHI determined from the sud
den increase ofR0 and of the RO amplitude is clearly visibl
and it is shifted towards a lower field with a large hystere
in the magnetoresistance whenRC is increased. The increas

FIG. 2. Cooling rate dependence of the magnetoresistanc
(TMTSF-d12)2ClO4 with the magnetic field parallel to thec* di-
rection at 1.5 K.
5-2
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of the hysteresis loop abovebHI with increasingRC is a
consequence of the broadening of the first-order transition
disorder effects. We have also measured theRC dependence
of the magnetoresistance ofh-ClO4 and observed thatbHI
decreases from 27 T for 0.0009 K/s to 21.5 T for 0.018 K
althoughbHI becomes not very well defined for the coolin
rate above 0.19 K/s. One can conclude thatRC dependence
of bHI is a common feature in ClO4 salts.

In Fig. 3, we show the magnetoresistance ofd-ClO4 at
various temperatures forRC about 0.67 K/s. At this cooling
rate, for each temperature, we have determined the valu
the FISDW transition ofd-ClO4 as the intersection poin
between the extrapolations of the magnetoresistance cur
the FISDW and metallic phases. The FISDW transition te
perature is plotted as a function of the magnetic field in F
4. As shown in the upper-right side of Fig. 4, it increas
with increasing the fieldB. This result is in agreement with
previous measurements onh-ClO4 for RC50.5 K/s.13 We
have previously reported the quadratic increase ofTFISDW
with magnetic field above 12 T inh-ClO4 for RC of 0.5
K/s.13 In the case ofd-ClO4 , TFISDW for RC of 0.67 K/s also
roughly shows the quadratic field dependence above 1
However, for intermediate cooling rates, the quadratic fi
dependence ofTFISDW is not a quadratic increase as predict
by the mean-field theory14 but an envelope line of FISDW
states with different quantum numbersn. We have also de-
termined the value of the transition fields atbHI from the
intersection of the extrapolations ofR0 and have plotted
them in the lower-right side of Fig. 4. As shown in Fig. 3, t
large hysteresis in the magnetoresistance and RO are
served in the high-field phase region only below 3 K. Abo
3 K, although the sudden increase ofR0 becomes rounded
the hump structure ofR0 exists still up to 4 K. This means
thatbHI exists up to 4 K. The definition of our phase boun
ary is the same one determined by Naughtonet al.4 as shown
in Fig. 5. Below the magnetic field of this boundary, th
nonzero Hall voltage was observed in all experiments.4,5

As a result, we show in Figs. 5 and 4 the FISDW pha

FIG. 3. Magnetoresistance of (TMTSF-d12)2ClO4 with the field
parallel to thec* direction for the cooling rate about 0.67 K/s
1.3, 2.0, 2.5, 3.0, 3.5, 4.0, 4.3, 5.0, 5.5, and 6.0 K.
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diagram ofh-ClO4 andd-ClO4 determined from magnetore
sistance measurements for variousRC, respectively. In Fig.
5, solid lines show the phase boundary for the relaxed s
proposed by McKernanet al.5 The dashed line is the phas
boundary of the final FISDW phase for the relaxed st
originally determined by Naughtonet al.4 As shown in Fig.
5, it is well known thatTFISDW for a slow cooling inh-ClO4
is about 5.5 K and is almost independent of fieldB above 15

FIG. 4. The FISDW phase diagram in deuterat
(TMTSF)2ClO4 constructed from many temperature and fie
sweeps for various cooling rates. The bold, dashed-dotted,
dashed lines are guides to the eye for 0.0009, 0.018, and 0.67
cooling rates, respectively.

FIG. 5. The FISDW phase diagram in hydrogenat
(TMTSF)2ClO4 with the magnetic field parallel to the lowest con
ductivity directionc* . Solid lines show the phase boundary for th
relaxed state proposed by McKernanet al. ~Ref. 5!. The dashed line
is the phase boundary of the final FISDW phase for the relaxed s
originally determined by Naughtonet al. ~Ref. 4!. Solid and open
circles indicate the FISDW transition temperature and the high-fi
phase boundary for our hydrogenated samples.
5-3
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T. We confirm this behavior for our hydrogenated samples
shown in Fig. 5. On the other hand,TFISDW in d-ClO4 for
RC50.0009 K/s rapidly increases with increasingB up to
16 T and slightly decreases above 20 T as shown in Fig
The different behavior ofTFISDW at high magnetic field be
tween deuterated samples and hydrogenated ones is a
uted to the difference of the chemical pressure in the crys
It indicates that the negligibleB dependence ofTFISDW above
15 T in hydrogenated samples is not intrinsic for slow
cooled (TMTSF)2ClO4. In d-ClO4 for 0.018 K/s, theB de-
pendence ofTFISDW is almost the same as that for 0.000
K/s. We observe, however, thatbHI ~27 T! which is indepen-
dent of temperature below 2.5 K decreases with increas
temperature above 2.5 K. Above 3.5 K,TFISDW has been
determined from the hump structure ofR0 which exists up to
4.2 K, although the sudden increase ofR0 becomes rounded
In d-ClO4 for 0.67 K/s,bHI is observed at about 23.5 T an
TFISDW increases with increasingB. The last semimetallic
SDW phase between 9.7 T andbHI is reduced from 5.5 to 4
K when the cooling rateRC is increased. This result is con
sistent with the previous report13 for h-ClO4, the interpreta-
tion of which will be discussed later. Thus the experimen
results lead to the conclusions that, with increasing the c
ing rate RC, ~i! the high field phase boundarybHI shifts
towards a lower field,~ii ! the last semimetallic FISDW phas
between 9.7 T andbHI is suppressed,~iii ! the FISDW insu-
lating phase abovebHI in which the Hall voltage become
almost zero5 is enhanced. These results mean that the
semimetallic FISDW phase and the FISDW insulating ph
correspond todifferent FISDW states.

In order to explain thisRC dependence of the FISDW
phase, we will now discuss the role of the dimerized gap
to anion ordering~AO! and that of the SDW nesting vecto
As discussed in a previous report,13 the concentration of scat
tering centers associated with the boundaries between an
ordered regions increases with increasingRC. This is con-
sistent with the fact that the residual resistance in
metallic phase increases with increasingRC. For the slowly
cooled ClO4 salt, AO creates a superlattice potential@Fig.
6~b!# dividing the original Fermi surface into two pairs o
open sheets. As a result, a dimerized gap due to AO is in
duced in the electron band as shown in Fig. 6~a!. Because the
periodic anion potential is out of phase at the boundary
tween adjacent anion-ordered regions@Fig. 6~c!#, for elec-
trons moving across these boundaries, the dimerized gap
to AO is averaged out. These boundaries not only work
scattering centers but also suppress the dimerized gap d
AO. As a result, the effective dimerized gap due to AO d
creases with increasingRC. Perturbative calculations usin
the standard model have shown that in the case of a s
superlattice potentialV due to AO, the most stable SDW
nesting vectorQSDW is (2kF ,p/b)5(2kF ,0) @see Fig. 6~a!#
and subphases with odd quantum numbers, i.e.,•••5, 3, 1,
successively appear when the field is increased.15,16Although
this model can explain the phase diagram of slowly coo
h-ClO4 below 8 T ~Ref. 2! and the enhancement of th
FISDW insulating phase above the high-field phase bou
ary bHI with increasingRC, the decrease ofbHI and the
suppression of the last semimetallic SDW phase with
02442
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with small V.

On the other hand, McKermanet al. proposed the nesting
of another pair of the two pairs of open orbit Fermi surfa
sheets separated by the superlattice potential.5 Using nonper-
turbative calculations Kishigi claimed that a new FISD
phase with a SDW nesting vectorQSDW

6 5(2kF
6 ,p/2b) as

shown in Fig. 6~a! is stabilized for a largeV.17 In fact, the
magnitude ofV estimated from the angular dependent ma
netoresistance measurements is of the order of the interc
hopping integral tb .18 Recent calculations for ClO4 salt have
pointed out that, whenV is increased, the SDW state wit
QSDW is rapidly suppressed while the SDW state withQSDW

6

becomes stable at higher value ofV.19,20Because the FISDW
phase between 12 and 24 T is suppressed with increa
RC, it is reasonable to estimate that the respective gro
states of the last semimetallic FISDW phase and of the in
lating FISDW phase are an51 state withQSDW

6 and an
50 insulating state withQSDW. Because the FISDW phas
with QSDW

6 becomes more stable with increasing the value
V, the model withQSDW

6 can explain the decrease ofbHI and
the suppression of the last semimetallic SDW phase. We
therefore led to conclude thatbHI of our experiment corre-
sponds to the phase boundary between theQSDW

6 phase and
the QSDW phase. As shown in Fig. 5, the high-field pha
boundarybHI ~a first-order transition! proposed by McKer-
nan et al. is located at 3.5 K between 21 and 25 T.5 Their
phase boundary is characterized by the step of Hall volt
and magnetization. They considered this phase boundar

FIG. 6. ~a! Schematic of the Fermi surfaces of (TMTSF)2ClO4,
resulting from a dimerization of the system along theb axis.
QSDW5(2kF ,p/b)5(2kF ,0) and QSDW

6 5(2kF
6 ,p/2b) are the

SDW nesting vectors.~b! Periodic anion potential without the
boundary between anion ordered states.~c! Anion potential with the
boundary between anion ordered states.
5-4
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the FISDW transition of one pair of Fermi surface within th
QSDW

6 phase. As a result, the FISDW state at high magn
fields can be separated three phases characterized by
voltage, magnetization, and the hump structure ofR0. This
FISDW phase diagram is consistent with that calculated
Kishigi.17 Accordingly, if we assume that the last semimet
lic FISDW phase is the FISDW phase withQSDW

6 stabilized
by the dimerized gap due to AO, theRC dependence of the
FISDW transition and ofbHI in the hydrogenated and deu
terated ClO4 salts can be explained by the effective dime
ized gap resulting from AO.

IV. CONCLUSION

We have measured the magnetoresistance, up to 28
the SDW phase of hydrogenated and deutera
(TMTSF)2ClO4, for various cooling ratesRC through the
anion ordering temperature. We thus have obtained theRC
dependence of the FISDW transition temperatureTFISDW and
of the phase boundary at high-magnetic fields. The deut
tion of the ClO4 salt works as a positive chemical pressu
p
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in the crystal and moves the phase boundaries of FIS
towards the high-field side. The deuterat
(TMTSF-d12)2ClO4 salt shows the FISDW phase in the wi
cooling rate region which allowed us to investigate theRC
dependence of the FISDW phase in detail. We have fo
that, with increasingRC, the high-field phase boundarybHI
is shifted towards a lower magnetic field, the last semime
lic SDW phase belowbHI is suppressed, and the FISD
insulating phase abovebHI is enhanced. TheRC dependence
of TFISDW and of bHI can be explained by the mean-fie
theory by taking into account the FISDW phase with
SDW nesting vectorQSDW

6 stabilized by the dimerized ga
due to anion ordering.
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