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Magnetoresistance measurements have been carried out along the highly condutingn the field-
induced spin-density wavd-1ISDW) phase of hydrogenated and deuterated (TMTEE8K), for various cool-
ing rates through the anion ordering temperature. With increasing the coolingijattee high-field phase
boundaryBy,, observed at 27 T in hydrogenated samples for slowly cooled, is shifted towards a lower field,
(i) the last semimetallic SDW phase belg@y, is suppressed, ar(di) the FISDW insulating phase aboyg,
is enhanced in both salts. The cooling rate dependence of the FISDW transition ggdroboth salts can be
explained by taking into account the peculiar SDW nesting vector stabilized by the dimerized gap due to anion
ordering.

DOI: 10.1103/PhysRevB.66.024425 PACS nunider75.30.Fv, 72.15.Gd, 74.70.Kn

[. INTRODUCTION potentialV with a wave vecto = (0,1/2,0)® This dimeriza-
tion separates the original Fermi surfg&) into two pairs
The quasi-one-dimensionglQ1D) organic compounds of open orbit FS sheets. Although the FISDW phase diagram
(TMTSF),X, where TMTSF denotes tetramethyltetraselenain the slowly cooledh-ClO, salt is widely investigated ex-
fulvalene andX=PF;, AsF;, CIO,, etc., show many inter- perimentally and theoretically, however, it is still in question.
esting phenomena such as superconductivity, anion ordering When theh-ClO, salt is rapidly cooled through the anion
(AO), spin-density wavéSDW), a cascade of field-induced Ordering temperatur,o, the orientations of anions are fro-
SDW (FISDW).! The phase diagram of the FISDW phase inZ€N in two directions at random probability and the SDW

the PR salt, with quantized Hall resistanpe, ~h/(n2e2) in phase is induced. In general, the deuteration of the TMTSF
the sequenca=---4,3,2,1,0 as the magynetic field is in- salt is thought to work as a positive chemical pressure in the

; : : tal” When the positive chemical pressure by deuteration
creased, is successfully explained by the mean-field theorE/yS ' . )
named the “standard model” based on the nesting of a pai S applied to the CIQ salt, the nesting of the Q1D Fermi

of slightly warped parallel sheets of the Q1D Fermi Surfacesurface becomes more imperfect and the stabilization of the
The states labeled with integer have been identified as SDW phase in the intermediate cooled states is suppressed.

. . : . . As a result, the deuterated (TMTS¥,),CIO, salt(abbrevi-
semimetallic FISDW states while that with=0 is a FISDW . asd-ClO, hereafter is expected to show the FISDW

insulating state. However, the phase diagram of the FISDWase in a broad range of cooling rates in contrast with the
phase in hydrogenated (TMT3H5),ClO, (abbreviated as 55e of hydrogenated ones.

h-CIO, .hereafte) for the_ case of slow cooling is. known to In this paper, we describe the cooling rate dependence
show disagreements with the standard model {igin the  of the FISDW phase diagram for the hydrogenated, for the
low-field cascade of FISDW transitions, the sequence of Halkmallest cooling rate accessible: 0.0009 K/s, and deuterated,
plateaus is not in the expected ordéii) a very stable quan- for different cooling rates: 0.0009, 0.018, and 0.67 K/s, IO
tum Hall state is observed from 7.5 to 27%%.(iii) the  salts under strong magnetic fields applied parallel tocthe
FISDW transition temperatuf®rspw (—~5.5 K) is indepen-  axis; we discuss the role of the dimerized gap due to AO
dent of field above 15 T.In order to explain the differences controlled by the cooling rate, and that of the chemical pres-
between PF and CIQ salts, attention has been focused onsure by deuteration in the FISDW phase diagram, and we
the anion ordering which occurs in-ClIO, at 24 K and compare the results in deuterated salts with those measured
dimerizes the system along thedirection by a superlattice in hydrogenated ones.
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II. EXPERIMENT

FIG. 2. Cooling rate dependence of the magnetoresistance of
gl_'MTSFdlz)ZCIO4 with the magnetic field parallel to the* di-
rection at 1.5 K.

Single crystals of (TMTSE)XIO, were synthesized by
the standard electrochemical method. The resistance me
surements along the conductiagxis were carried out using
a standard four-probe dc method over the temperature ran

e
from 1.5 to 10 K. The typical size of the sample was ﬂance shows an isosceles triangle shape. The sudden increase

X0.1x0.1 mn?. Electric leads of 10um gold wire were of Ry and of the RO amplitude is consistent with previous

attached with silver paint onto gold evaporated contacts. Theesults? On the other hand, by deuteration of the GISalt,
current contacts covered the whole areas of both ends of thero increases from 24 to 27 K, and the transition field to the
sample for a uniform current. In order to prepare states witifirst and last semimetallic SDW phase increases from 6.5 to
various degrees of anion ordering, the sample was heated Jp! and from 8 to 9.7 T, respectively. In addition, the field of

to 40 K, and then cooled again with a progressive decrease §f€ Proad peak shifts to the high-field side and the phase
the heating to give a controlled cooling rat-. The tem- boundary at high fielg3,, is not observed below 28 T. This

perature was measured using a Cernox CX-1050-SD residndicates that deuteration of the.QI@aIt moves t.he FISDW
tance thermometer calibrated by a capacitance sensor Rnase boundary towards the high pressure side f&pds
magnetic fields. The measurements in the fields to 28 T werBUshed out above 28 T. These results are regarded as the

done in a resistive magnet at the Grenoble High Magneti€onsequence of a positive chemical pressure in the crystal by
Field Laboratory. deuteratior’’® This is consistent with usual deuteration

effects’'! Moreover, the magnetoresistance dtClO,
shows a steplike change from the phase between 10 and 17 T
to the phase above 20 T with hysteresis between 14 and 21 T.
Figure 1 shows the magnetoresistance along the highllthough the possibility of a new phase boundary has been
conducting a axis in hydrogenated and deuteratedproposed around 17 T fdn-ClO, from magnetoresistance
(TMTSF),CIO, at 1.5 K for relaxed state, in whicff is measurements, the origin of the above steplike magnetore-
about 0.0009 K/s. Magnetic field up to 28 T was applied sistance and hysteresis is unsolved.
parallel to the lowest conductivity directiaci®. For hydro- The cooling ratéR: dependence of the magnetoresistance
genatech-ClQ,, it is found from the sudden increase of re- of d-ClO,4 at 1.5 K is shown in Fig. 2. From this figure, we
sistance that the transitions to the first and last () semi-  find that the transition field to the last semimetallic SDW at
metallic SDW phase take place at about 6.5 and 8 T9.7 T is not sensitive t@ic. This means thafic in this
respectively. With increasind, the nonoscillatory back- region dose not change the effective pressure in the crystal.
ground resistancR, goes up and has a broad peak betweerWith increasing?ic, the sudden increase of the resistance at
10 and 15 T and a decrease above 15 T. The magnetores&7 T becomes rounded, and both the RO and the large hys-
tance shows hysteresis between 14 and 21 T. The rapid oteresis of the magnetoresistance becomes dim in the semime-
cillation (RO) is clearly seen above 14 T in Fig. 1. Above 27 tallic SDW phase. Moreovey, determined from the sud-
T the field which was proposed by McKernahal.as a new den increase dRy and of the RO amplitude is clearly visible
phase boundarg,, of a first-order transitioR,both Ry and  and it is shifted towards a lower field with a large hysteresis
the amplitude of RO suddenly increases; the magnetoresig the magnetoresistance wh#i is increased. The increase

IIl. RESULTS AND DISCUSSION
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FIG. 3. Magnetoresistance of (TMTSF>),CIlO, with the field
parallel to thec* direction for the cooling rate about 0.67 K/s at FIG. 4. The FISDW phase diagram in deuterated
1.3, 20,25, 3.0, 3.5, 4.0, 4.3, 5.0, 5.5, and 6.0 K. (TMTSF),CIO, constructed from many temperature and field
sweeps for various cooling rates. The bold, dashed-dotted, and
dashed lines are guides to the eye for 0.0009, 0.018, and 0.67 K/s

of the hysteresis loop abovgy, with increasingfc is a , :
9ool|ng rates, respectively.

consequence of the broadening of the first-order transition b

disorder effects. We have also measuredfedependence

of the magnetoresistance bfCIO, and observed thaBy, diagram ofh-CIlO, andd-ClO, determined from magnetore-

decreases from 27 T for 0.0009 K/s to 21.5 T for 0.018 K/ssistance measurements for variddg, respectively. In Fig.

althoughgy, becomes not very well defined for the cooling 5, solid lines show the phase boundary for the relaxed state

rate above 0.19 K/s. One can conclude atdependence proposed by McKernaet al® The dashed line is the phase

of By is a common feature in ClOsalts. boundary of the final FISDW phase for the relaxed state
In Fig. 3, we show the magnetoresistancede€lO, at  originally determined by Naughtoet al* As shown in Fig.

various temperatures fRc about 0.67 K/s. At this cooling 5, it is well known thafT g,gpw for a slow cooling inh-ClO,

rate, for each temperature, we have determined the value @ about 5.5 K and is almost independent of fiBldbove 15

the FISDW transition ofd-ClO, as the intersection point

between the extrapolations of the magnetoresistance curve in 7 : : : :

the FISDW and metallic phas_es. The FISDW transition tem- ® 0.0009K/s (TMTSF-h,,),CIO,

perature is plotted as a function of the magnetic field in Fig. O 0.018 K/s

4. As shown in the upper-right side of Fig. 4, it increases 6 ]

with increasing the field. This result is in agreement with

previous measurements dnClO, for \c=0.5 K/s: We 5F

have previously reported the quadratic increaser g§pw

with magnetic field above 12 T ih-ClO, for R of 0.5 <

K/s.23In the case ofl-ClO,, Trispw for Re of 0.67 K/s also =

roughly shows the quadratic field dependence above 13 T.

However, for intermediate cooling rates, the quadratic field 3r

dependence OfF ;5pw IS NOt a quadratic increase as predicted

by the mean-field theol} but an envelope line of FISDW >L

states with different quantum numbersWe have also de-

termined the value of the transition fields g, from the

intersection of the extrapolations &, and have plotted 5

them in the lower-right side of Fig. 4. As shown in Fig. 3, the

large hysteresis in the magnetoresistance and RO are ob-

served in the high-field phase region only below 3 K. Above 1o 5 The FISDW phase diagram in hydrogenated

3 K, although the sudden increase R becomes rounded, (\TsF),ClO, with the magnetic field parallel to the lowest con-

the hump structure oR, exists still up to 4 K. This means qyctivity directionc*. Solid lines show the phase boundary for the

that By exists up to 4 K. The definition of our phase bound- ye|axed state proposed by McKernemal. (Ref. 5. The dashed line

ary is the same one determined by Naughebal.* as shown s the phase boundary of the final FISDW phase for the relaxed state

in Fig. 5. Below the magnetic field of this boundary, the originally determined by Naughtoet al. (Ref. 4. Solid and open

nonzero Hall voltage was observed in all experiménits. circles indicate the FISDW transition temperature and the high-field
As a result, we show in Figs. 5 and 4 the FISDW phasephase boundary for our hydrogenated samples.
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T. We confirm this behavior for our hydrogenated samples as
shown in Fig. 5. On the other hand@ggpy in d-ClO, for
PMc=0.0009 K/s rapidly increases with increasiBgup to

16 T and slightly decreases above 20 T as shown in Fig. 4.
The different behavior of ¢ ;5py at high magnetic field be-
tween deuterated samples and hydrogenated ones is attrib-
uted to the difference of the chemical pressure in the crystal.
It indicates that the negligiblB dependence of ggpyy @above

15 T in hydrogenated samples is not intrinsic for slowly
cooled (TMTSF)CIQ,. In d-ClO, for 0.018 K/s, theB de-
pendence oflggpw IS almost the same as that for 0.0009
K/s. We observe, however, thaty, (27 T) which is indepen-
dent of temperature below 2.5 K decreases with increasing
temperature above 2.5 K. Above 3.5 Kggpw has been
determined from the hump structureR§ which exists up to

4.2 K, although the sudden increaseRyf becomes rounded.

In d-CIO, for 0.67 K/s, B, is observed at about 23.5 T and (b)
Trispw iNcreases with increasinB. The last semimetallic

SDW phase between 9.7 T ag}, is reduced from 5.5 to 4

K when the cooling ratéic is increased. This result is con- T l T l T ll T l T l T

sistent with the previous repdttfor h-ClO,, the interpreta-

tion of which will be discussed later. Thus the experimental (c)

results lead to the conclusions that, with increasing the cool-

ing rate R¢, (i) the high field phase boundam,, shifts FIG. 6. (8) Schematic of the Fermi surfaces of (TMTSE)O,,

towards a lower field(ii) the last semimetallic FISDW phase fesulting from a dimerization of the system along theaxis.
between 9.7 T ang,, is suppressedjii) the FISDW insu- ~ Qsow=(2Ke,@/b)=(2k ,0) and Qspy=(2kg ,m/2b) are the
lating phase abovg,, in which the Hall voltage becomes SDW nesting vectors_(b) Periodic anion .potentlal _thhgut the
almost zerd is enhanced. These results mean that the Ia%oundary between anion ordered statesAnion potential with the

semimetallic FISDW phase and the FISDW insulating phase oundary between anion ordered states.

correspond taifferent FISDW states . . -
In order to explain thisR: dependence of the FISDW \?Jifﬁsslsqﬁ‘i/canmt be explained within the standard model

phase, we will now discuss the role of the dimerized gap due .
to anion ordering AO) and that of the SDW nesting vector. On the othgr hand, MCKefm‘m al. proposc_ad the nesting
of another pair of the two pairs of open orbit Fermi surface

As_d|scussed In & previous r_epb?tthe concentration of scat- sheets separated by the superlattice potehtising nonper-
tering centers associated with the boundaries between aniop- i . A )
urbative calculations Kishigi claimed that a new FISDW

ordered regions increases with increasiRg. This is con- . : s ol

sistent with the fact that the residual resistance in theDEase \.N't:;.a ZSW nt(-:-sbt_||r_19 (\j/iCtQS?W_e(/ZEFI'Z/th) tﬁs

metallic phase increases with increasiig. For the slowly rsna(tmr/]ri]u:ge Ic?f\/ estilrsngt: dl flrzoem tﬁ; aanaruglar. dener?((j:ént r?wa i

cooled CIQ salt, AO creates a superlattice poten{iglg. gnitu . 9 P . 9
netoresistance measurements is of the order of the interchain

6(b)] dividing the original Fermi surface into two pairs of oo 18 .
open sheets. As a result, a dimerized gap due to AO is introhOpplng integraly. ™ Recent calculations for Closalt have

duced in the electron band as shown in Fi@) 6Because the pointeq out.;Tat, whet isdinc;glasid,strg)e\/VSDW state with
periodic anion potential is out of phase at the boundary beQsow IS rapidly suppressed while the state Wilpyy

tween adjacent anion-ordered regidiég. 6(c)], for elec- Decomes stable at higher value\bt®>?°Because the FISDW

trons moving across these boundaries, the dimerized gap dfgase between 12 and 24 T is suppressed with increasing
to AO is averaged out. These boundaries not only work agic, it iS reasonable to estimate that the respective ground
scattering centers but also suppress the dimerized gap due €S Of the last semimetallic FISDW phase and of the insu-
AO. As a result, the effective dimerized gap due to AO de-ating FISDW phase are a=1 state withQspy and an
creases with increasir@jc. Perturbative calculations using =0 insulating state wittQspy. Because the FISDW phase
the standard model have shown that in the case of a smalith Qspy becomes more stable with increasing the value of
superlattice potential/ due to AO, the most stable SDW V, the model withQgp,, can explain the decrease 8f, and
nesting vectoQspy is (2Kg , m/b) = (2kg,0) [see Fig. 6a)]  the suppression of the last semimetallic SDW phase. We are
and subphases with odd quantum numbers, i.€5, 3, 1, therefore led to conclude tha, of our experiment corre-
successively appear when the field is incredSéfiAlthough ~ sponds to the phase boundary betweenQ4g,, phase and
this model can explain the phase diagram of slowly cooledhe Qgpy phase. As shown in Fig. 5, the high-field phase
h-CIO, below 8 T (Ref. 2 and the enhancement of the boundarygy, (a first-order transitionproposed by McKer-
FISDW insulating phase above the high-field phase boundran et al. is located at 3.5 K between 21 and 25 Their

ary By with increasing®Rc, the decrease oBy and the phase boundary is characterized by the step of Hall voltage
suppression of the last semimetallic SDW phase with in-and magnetization. They considered this phase boundary as

024425-4
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the FISDW transition of one pair of Fermi surface within the in the crystal and moves the phase boundaries of FISDW
Qspw Phase. As a result, the FISDW state at high magnetitowards ~ the  high-field  side. ~ The  deuterated
fields can be separated three phases characterized by HAIMTSF-d,,),ClO, salt shows the FISDW phase in the wide
voltage, magnetization, and the hump structureRgf This  cooling rate region which allowed us to investigate fhig
FISDW phase diagram is consistent with that calculated bylependence of the FISDW phase in detail. We have found
Kishigi.!” Accordingly, if we assume that the last semimetal-that, with increasingic, the high-field phase boundagy,

lic FISDW phase is the FISDW phase wi@xgp,, stabilized s shifted towards a lower magnetic field, the last semimetal-
by the dimerized gap due to AO, t. dependence of the lic SDW phase belows, is suppressed, and the FISDW
FISDW transition and of3,, in the hydrogenated and deu- insulating phase above, is enhanced. Th& dependence
terated CIQ salts can be explained by the effective dimer-0f Trgpw and of By, can be explained by the mean-field

ized gap resulting from AO. theory by taking into account the FISDW phase with the
SDW nesting vectoQgp,y Stabilized by the dimerized gap
I[V. CONCLUSION due to anion ordering.

We have measured the magnetoresistance, up to 28 T, in
the SDW phase of hydrogenated and deuterated
(TMTSF),CIO,, for various cooling rate$i: through the The authors wish to acknowledge helpful discussions with
anion ordering temperature. We thus have obtainedihe Dr. K. Kishigi. Some of this work was carried out as part of
dependence of the FISDW transition temperafiggpy and the “Research for the Future” project, JSPS-
of the phase boundary at high-magnetic fields. The deuter&FTF97P00105, supported by the Japan Society for the Pro-
tion of the CIQ salt works as a positive chemical pressuremotion of Science.
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