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Magnetic phase diagram of a quasi-two-dimensional organic conduc{@EDT-TTF),KHg(SCN), is
revisited from a viewpoint of magnetic torque measurements in high fields up to 30 T. A phase boundary that
is interpreted as a metal-spin density wd8®W) phase transition is found by using torque measurements. It
is shown that this phase boundary is clearly distinguished from so-called kink transition of the magnetoresis-
tance. We demonstrate that the transition temperature defined by the midpoint of the broad phase transition is
almost independent on magnetic field up to 23 T. Onset temperature of the transition shifts frar Kbaiu
H=0 T to higher temperatures with increasing of a magnetic field, and tends to be saturated. The onset line of
this transition follows well the theoretical expectation that SDW has to be stabilized by a magnetic field. This
allows us to estimate such important band parameters of the quasi-one-dimensional section of the Fermi
surface as an effective mass!®=(0.5+0.1)m,, and an upper limit of an imperfect nesting bandwidth
t;=(10 =1) K. The other phase boundaries determined by the position of the kink and hysteresis properties
of the magnetoresistance are interpreted as subphases inside the SDW phase. Inside the SDW phase, we find
an additional phase boundary at the temperature-independent field of 23 T, which corresponds to the appear-
ance of de Haas—van Alphen oscillations on a magnetic torque curve. At the 23 T boundary, both the effective
mass, m*, and the Dingle temperatureél,, change their values froom*=(1.67 = 0.09 m, and
Tp=3.7-4.0 K in low magnetic field region {d.95+ 0.05 my and 2.5-2.8 K in high field region. The latter
phenomenon is discussed in terms of a reconstruction of the Fermi surface due to the SDW formation.
Hysteresis of the magnetoresistance observed in one of the subphases inside the SDW phase is studied in detail
by measuring both the temperature and the magnetic field dependep@&63-182806)08342-7

[. INTRODUCTION FS sheets is likely to possess a nesting properties, and there-
fore the system is expected to be unstable against a periodic
An isostructural family of organic conductors SDW modulation. On the contrary to TMTSF salts, in
a-(BEDT-TTF),MHg(XCN),,}~®> where BEDT-TTF is bis- a-(BEDT-TTF),MHg(SCN),, both Q1D and Q2D sections
(ethylenedithigtetrathiafulvalen, has been the subject of in-of FS coexist, that is a distinct feature of the latter material.
tensive study due to a variety of the ground stététhile the The reconstruction of the FS caused by the magnetic Bril-
superconductivity appears at abboul K in louin zone due to the nesting, has been suggested so far by
a-(BEDT-TTF),NH,Hg(SCN),,” the other salts with detailed studies of angle dependent magnetoresistance oscil-
M=K or TI, andX=Se remain to be a metal at least down tolations(ADMRO).>112202In number of magnetoresistance
about 50 mKk!*® Much attention has been focused on the(MR) anomalies have been observed belby,,. The MR
field-induced phase transitions in the salts with=K, Tl or  rapidly increases with field up to its maximum value around
Rb, andX=S8"1 The ground state is thought to be com- 10 T. With further increase of the magnetic field, the MR
monly a spin-density-wave(SDW) condensation below continuously decreases down to so-called kink structure at
Tsow= 8 K for the KHYSCN), salt, for example, where a 23 T and at higher field it increases ag&rHysteretic be-
shoulder-type resistance anonfalgnd the anisotropic mag- havior is clearly observed for increasing and decreasing
netic susceptibility typical for an antiferromagnetic fields between about 8 and 23*¥2*On the anomalous MR
ordering® appear. Belowl 5py, the spontaneous moment of curve,  complicated  field-dependent  spectrum  of
3x10 3ug is detected by zero field muon spin relaxation Shubnikov-de Haas oscillations are obsertett.One of the
measurements. Note that the SDW amplitude in our case is most remarkable features of the MR is the observation of a
much smaller than that ifTMTSF) ,PF; (~0.1ug),'® where ~ sharp kink by Osadat al** The kink field, H,, shifts to
TMTSF is tetramethyltetraselenafulvalene. An apparent diflower field with increasing temperature and becomes zero at
ference between BEDT-TTF and TMTSF salts is found inT=Tgpw. The magnetic phase diagram that has been pro-
the Fermi surfacéFS) topology. According to Mori's band posed is based on these magnetoresistance anomalies in
structure calculatioh® a-(BEDT-TTF),MHg(SCN), has magnetic fields perpendicular to the conductirgc
both the quasi-two-dimensiona(Q2D) and quasi-one- plane?*%®The field-induced transition in the present material
dimensionalQ1D) quasiparticle orbits. A couple of the Q1D has been considered to be different from that in the TMTSF
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salts where an external field stabilizes the SDW state by

25

improving the nesting condition due to the one dimensional- L T T T T
ization of electron spectrum in a magnetic fiéldTo i 26T
explain the experimental phase diagram  of 25T
a-(BEDT-TTF),MHg(SCN),, Osada etal?® have sug- Pl
gested that the magnetic breakdown between Q2D and Q1D 227
sections of the FS could suppress the SDW transition. 217
Kishigi and Machid&’ have obtained the similar results by U
calculating the free energy in the presence of a SDW state in ’g 16T -
a magnetic field. Thus a magnetic field has been considered a jdl

to destabilize the SDW and the reentrance to the metallic b 10T
state has been expected to occuHatH,. On the other aT |
hand, magnetic torque measurements by Cletisi >° dem- 6T |
onstrate the existence of a hysteresis even albbye This g ]
result means that high-field phase abdVgis not a normal oT |
metallic state. Recently, we have reported about a possibility - ]
of the existence of a phase bound#oy crossover lingin I |
the high-temperature normal metallic region. It was deter- -

mined from a shallow minima in the temperature dependence M

of the resistivity in a magnetic fieftf. These recent experi- T (K)

ments by Chriset al. and us demonstrate that the high-field
phase atH>H, is different from the metallic phase above  FIG. 1. Temperature dependence of the resistivity in fields per-
Tspw- pendicular to the conductive-c plane. The curves are shifted by 1

In this paper, the magnetic torque measurements are pré¥} cm each from the data &t=0 T.
sented to clarify the magnetic properties and the origin of the ) )
phase boundaries. The phase boundary is thermodynamicafigrminal method using dc current of 1Q0A in the a-c
confirmed by the torque measurements. In addition, magndllane. The electrical terminals were made of the evaporated
toresistance measurements are extended to higher fields. T@gld films, and gold wireg10 um¢) are glued onto the
hysteresis phenomena of MR are studied in more detail. Fiilms with gold paint. The contact resistance was less than 10
nally, the magnetic phase diagram is revisited from the view{}. Magnetic torque and resistivity measurements in field

point of these measurements. Possible theoretical explan#ere carried out up to 14 T using the superconducting and 30
tions for the transitions in fields are discussed. T hybrid magnets at High Field Laboratory, IMR, Tohoku

University. The temperature in field was measured using
Cernox thermometefLake Shore Cryotronics, Inc.cali-

Il. EXPERIMENT brated by a capacitance thermometer.
Single crystals of a-(BEDT-TTF),KHg(SCN), were
grown by the electro-oxidation method of BEDT-TTF in the IIl. RESULTS AND DISCUSSION
distilled 1,1,2-trichloroethane with 10 volume % of the eth- A. Resistivity in magnetic field

anol solution containing the purified electrolyte of KSCN, . .

Hg(SCN), and 18-crown-6 ether. The crystals having a typi- Before proqeedlng to the magnetic torque measurements,
cal size of a few mrix ~ 0.3 mm are grown on a platinum W€ briefly review the temperature dependence of the resis-
anode with the constant current of 0&A. The well- tivity obtained previously! and present some new data up to

developed facet is the crystallograplaiec plane. 6 T :
The magnetic torque was measured with a capacitive can- F19ure 1 shows the temperature dependence of the resis-

tilever beam torquemeter. The capacitor consists of a circuldfVity in @ magnetic field normal to the conductigec plane.

plate (3 mmd) as the moving electrode, which is suspendedEaCh resistivity curve is shifted by 1&ncm for clarity. .A

by a narrow beanf0.2 mmx 4 mm) made of thin beryllium  Shoulder-type anomaly is observed aroungh,, = 8 Kin

copper(50 «m), and the sapphire plate with gold film sput- H=0 T, which corresponds to the onset of the SDW transi-

tered as the ground plate. A single crystal of 2.92 mg is fixediOn €xpected from other measurements. With magnetic field,
on the moving plate with a small amount of grease. Thdhe magnetoresistance increases rapidly below the tempera-

capacitance measurements were done using a capacitar{b‘éeMog the resistivity minimum. We define this temperature

bridge (General Radio 1615pand a lock-in-amplifie(PAR asTz; (H) vvhich corresponds to the kink transition and hasl
124A). This torquemeter without the sample showed a smalP@€n so far interpreted as an onset temperature for a density
temperature and field dependence of the capacitance, whi¢have phase transition. Above 10 T, the enhancement of MR
was reproducible both in the thermal and the field cycles. 1iS gradually suppressed. Concurrently,;(H) shifts to

may be due to a small amount of magnetic impurities in thdower temperatures and vanishes abble 23 T. It is noted
beryllium copper used. No time dependence of the capacthat this behavior oy +(H) is consistent with such experi-
tance was observed. Therefore all of the data presented imental features as a rapid increase, a negative slope, and a
this paper are corrected by subtracting the background me#ink in the isothermal MR. To summarize, the existence of a
sured in another run from the original data obtained. Resismagnetic phase has been proposed so far on the basis of the

tivity measurements were done by a conventional fourfield dependence ng"lR(H). In our previous report: we
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mentioned about the shallow minimum which was attributed _
to a possible phase transition or a crossover between differ- a
ent magnetoresistance regions. The temperatg’iféH) de- ;
fined by shallow minima as shown in Fig. 1 shifts to higher SRR
temperatures with increasing field, in contrast to the behavior RN
of TYR(H). Both characteristic temperatur&y;(H) and LA
TMR(H), approach toTgpy when a magnetic field goes to 4
zero. In the following sections, we show that such thermo-
dynamic quantity as magnetic torque exhibits an enhance-
ment due to the SDW formation below about 10 K in a
magnetic field and defines a broad SDW phase transition.
Although the shallow resistivity minima observed at
TMR(H) do not indicate directly the phase transition, they
can be attributed to the change of magnetoresistance on tran-
sition line, where the resistivity is increasing in a SDW
phase. A maximum of magnetoresistance appears between
the characteristic temperaturdg and Tys:. It defines
some new crossover ling,(H).

25T |

23T

s ! 21T

\ 197 |

ottt 17T

T (103 dyncm/g)

B. Magnetic torque measurements

Magnetic torque is given by an expressionet M X H,
where the magnetization is related to the susceptibility tensor
x as follows,M = yH. In the present material beloWspyy,

w107

there exists an anisotropic susceptibility componggtin E

addition to the isotropic ong, . In this case, the torquger 5 \/yiTst

unit volume is expressed as=H?2y cosfsing, whered is N criterion level
< 10

the angle between a magnetic field and a direction normal to /\/

the a-c plane. \
Figure 2a) shows the temperature dependence of the

torque atd=17° in a magnetic field up to 27 T. The torque 10° PR W Al VAL

is increasing with increasing magnetic field. In the high- 6 8 Tl(OK) 12 14

temperature region, it shows a little temperature dependence

indipating by_the solid lines. At lower tempergturgs, the mag- FIG. 2. (a) Temperature dependence of a magnetic torque in a

hetic to.rque Increases beI.OW abO.Ut 10K, WhICh is solely du%onstant magnetic field tilted b§y=17° from the direction normal

to the increase of the”anlsotr.oplc SU,S{CEp_t'b'I'ty Compone_n{o the conductivea-c plane. (b) Enhancement of the magnetic

Xa by the SDW transition. This transition is so broad as isyorque at low temperaturesfter subtracting the high-temperature

observed in the static susceptibility measureméntmt itis  gata extrapolated to low-temperature regidFhe transition line at

difficult to determine the certain transition temperature. ToT! (W) is determined by using the criterion level of 10 dyn cm/g.

define onset temperatufédz(H) of the SDW transition, a

quantity A+ [after subtracting a little temperature depen-magnetic phase diagram obtained on the basis of the behav-

dence which was extrapolated from a high-temperature reior of T,,(H) and Ty (H) are discussed in Sec. Il E.
gion to lower temperature, see the solid lines in Fig) Phas Figure 3 demonstrates the behavior of torque scaled by

been plotted in Fig. ). The onset of the increase is defined H2, 7=r/H2. Above T.,(H), 7 is universal as a constant
as the temperature wheter exceeds the criterion levél0  value of about 7.3 dyn cm/gfT which means that the aniso-
dyn cm/g that is determined by the resolution and stability tropic componenty, is independent of the field. Below

in sweeping the temperature. We note that the large changg,,(H), on the other handy, is significantly dependent on

in A7 at low temperatures above 19 T is caused by de Haagemperature. Below 8 T, the torque is scaled as well as above
van Alphen(dHVvA) effect considered in the next section. T = and y, increases with decreasing temperature. It has
The definition of T;,(H) is not influenced by this effect shown that the static spin susceptibilifyyspn, decreases
because the oscillation amplitude is negligibly small enougthelow T4, in the case when field is applied parallel to the
around 10 K. Uncertainty in the determination of the tem-a.c plane, but remains almost constant at field normal to the
perature is estimated to be abou0.5 K by taking the width  plane. Therefore the magnetic easy axis of the antiferromag-
of the criterion (=50 % into account. As shown in Figs. netic ordering is expected to be in thec plane. The differ-
2(a) and 2b), Ty,(H) shifts to higher temperatures with in- ence of the value ofyspin Detween these two cases is
creasing of a magnetic field and tends to be saturated. Thisy,=2—3x10"* emu/mole, which corresponds to the
onset temperature gives us a higher bound of the broad traghange of the anisotropy x». The change ifr estimated
sition temperature. The other important points to be notegrom Axspin is about 4.7—7.2 dyn cm/¢fT This value is in

are that there are no magnetic torque anomalir'gt(H) good agreement with the observed change of the torque
and thatT},(H) disappears ati> 23 T. The details of the which is about 6.8 dyn cm/g'T Above 8 T, the torque be-
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FIG. 3. Temperature dependence of the magnetic torque divided 10‘| L ‘"‘2
by the field squared. Abovﬁtaz, the torque is scaled at the constant 15 20 2 30
value of about 7.3 dyn cm/¢T The inset shows the temperature H (T)
derivative of7. A midpoint of the broad transition is marked by an
open triangle. FIG. 4. Field dependence of the magnetic torque and de Haas-

van Alphen oscillations. In the lower panel, background subtraction

gins to deviate downward from the scaled curve. This devialS @PPlied to the data.

tion corresponds to the decreasexgf, suggesting that the
moment of the SDW might become smaller or cant toward show the quantum magnetic oscillations visible even at these
magnetic field direction. The field at which the anisotropyhigh temperatures. The characteristic splitting of dHVA sig-
starts to change with field is much higher than that in thenal, which has been revealed beld¥y, is not observed at
SDW states in TMTSF salts. For examp(@MTSF) ,AsF;  temperatures above 2.52 K. The oscillation frequeRcis
with Tgpw = 12 K shows a spin-flop transition #=0.45 found to be 704+ 5 T both above and belowi,. The
T.32 The reason for this difference between two families ofobserved frequency is in good agreement with the previous
organic conductors is not clear yet. SdH results for the angle dependence OF,

The inset in Fig. 3 shows the temperature derivative off =670/cos(17°)T) = 700 T, which is a characteristic of a
7 to demonstrate the broad SDW transition. The width of thecylindrical FS. The organic conductor under consideration is
broad transition is estimated to be about23 K around 8 known to have both Q2D and Q1D FS’s above the SDW
K. The transition temperature is defined by a midpoint of thetransition. In the perfect 2D case, it is known that the field
slope in the transition region, which is marked by an operdependence of the oscillation amplitude is different from the
triangle. We found that a midpoint of this broad transition conventional 3D Lifshitz-KosevicliLK) formula. The rea-
seems to be almost independent on magnetic field. This fielslon is that the nonoscillatory part of the density of states is
dependence is quite different wiﬂfﬁ"lR(H) defined from the essentially independent of energy,in the 2D case, in con-
kink structure of MR. trast to 3D case where it is increasing € (Refs. 33 and

It is shown that the field region between 8 and 23 T,34). Thus the additional factor of y/fiwc) 2cH ™2 is
wherey, changes with magnetic field, corresponds to a widepresent in the 3D-LK expression for magnitude of SdH or
hysteresis of MR observed before. This means that the hysiHVA oscillations, whergu=m*/m; is the effective mass
teresis of MR closely relates to the field dependence of théatio to bare electron massy,, and w,=eH/m*c is the
magnetic properties as it is seen frop behavior. Never- cyclotron frequency. Recently, the application of the 2D for-
theless, no hysteresis is observed both in the field and tenfaulas  to  the  isostructural ~ organic  conductor
perature dependences of the torque, which is in disaccow-(BEDT-TTF),KHg(SeCN), was tested. According to
dance with the large hysteresis observed above 23 T aridef. 4, the conventional 3D-LK formulas can reproduce the
below 1 K by Christet al3® As it is pointed out in the next results better than the corresponding 2D expression. In this
section, our measurements of the field dependence of theaper, both the conventional 3D-LK expression and the 2D
torque are available foF >2.52 K, which might be the rea- expression are used to analyze the dHVA oscillations and to
son for nonobservation of hysteresis phenomenod a3  evaluate Dingle temperature. It is noted that, in general, the

T. The detail of the hysteresis phenomenon is discussed iprocedure to determine the effective mass is independent on
Sec. Il D. 2D or 3D formulas.

The first harmonics of the oscillatory part of the torque
(3D casg is given by®
C. de Haas-van Alphen effect
In Fig. 4, we show dHVA signals on a magnetic torque
curve atf=17°. The data at 9.01 and 10.5 K obtained after ;o= i d_FM H )
subtracting the monotonic background from the original ones osC Fdg ot
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4.89K < 10°F b q - the temperature dependence of the Fourier amplitude at the funda-
S [ 60 Wb “\D\ 1] mental frequency and the peak-to-peak amplitude of the oscilla-
| N tions, respectively. The schematic Fermi surface is shown in the
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F surements(b) The multiconnected Fermi surface reconstructed by

nesting the open part due to the SDW formation after Ref. 20.
FIG. 5. Fourier transformations of the data in Fig. 4 carried out
in the field range of 25-30, 20—-25, and 15-20 T. The inset showgFT spectra are shown by the filled circles in F|g 6. In
the temperature dependence of the Fourier amplitledt the  addition, the open circles denote the mass determined from
fundamental frequency of 704 T. The broken curve shows the fitthe measuring of the peak-to-peak amplitude of each oscilla-

ting one to Eq(2) using the parameters in each panel. tion. The values estimated by these two methods are in good
agreement with each other, since the higher-order harmonics
_ X~ AuTp/H) are too weak in the oscillations measured under the present
Mosc< TFH Sinh(\ 2 T/H) cog mgu/2) experimental conditions. The effective mass clearly demon-
strates a magnetic field dependence. It is almost constant
Xsin(2wF/H+ ¢), (20 below 20 T (w=1.67+0.05 on the averag@and above 25 T

(#=1.95+0.05. Between these crossover, there appears a
wherex=2m’myckg/eh = 14.69 T/K,c is the light veloc-  pronounced change of the effective mass at about 23 T. In
ity, kg the Boltzmann’s constanf; the Planck’s constant, our previous measuremerftaip to 25 T, no field-dependent
g the so-called electroy factor (g=2), and T is the  mass was reported. This contradiction is due to the different
Dingle temperature. In the 2D case, the exponent of the magexperimental conditions of the field and temperature regions
netic field should be changed from —1/2 into 1/2 in EY). analyzed. The present results are in good agreement with
The effective mass is determined by fitting the experimentathose obtained by Chrigit al3° and Prattet al?* including
dHVA oscillation amplitude to Eqg1) and (2). The ampli- the quoted value of effective masses. In addition, Harrison
tudes of the oscillations were determined by two ways, apet al. reported similar change of the mass fram=1.5 (low
plication of Fourier analysis for 153H<20 T, 20 T fields) to = 2.7 (high fields, using the inductive method in a
<H<25T, and 25 KH<30 T and measuring the peak-to- pulsed-field experimeri. The reason for the different values
peak amplitudes for each oscillation. Figure 5 shows the freof the effective mass obtained at high magnetic fields is still
guency spectra obtained by fast Fourier transformatiorunclear. Note that the determination of the effective mass
(FFT). The second harmonics is not so strong at these tenmay somewhat depend on the experimental method.
peratures that the contribution of the higher harmonics can Figure 7 shows Dingle plots at different temperatures ob-
be neglected in our analysis. The insets show the temperatuteined by using the 3Qupper pangland the 2D-LK(lower
dependence of the first harmonic amplitude which correpane) expressions with the effective mass obtained as a
sponds to the fundamental frequency of 704 T as previouslfunction of magnetic fieldsee Fig. 6. The change of the
described. The broken lines in each inset are the fittinglope are clearly seen around 23 T in both cases. According
curves obtained from Eqgél) and(2) with the parameters of to LK formulation, the slope is equal te AuTp . Two dif-
n=196 atH=27.3 T, 1.83 at 22.2 T, and 1.65 at 17.15 T. ferent Dingle temperatures are obtained from the slope of the
These values of magnetic field are determined as the centéitting lines: Tp= 3.7 K (4.0 K) at low fields andl'p,= 2.5 K
in the reciprocal-field space for each field range. The 0b{2.8 K) at high fields in the 3D(2D) case. Comparing the
tained effective mass increases with increasing field. Contwo cases, it is hard to say which case does reproduce the
cerning the effective mass of this material, there have beeaxperimental data better at these temperatures and magnetic
reported the different value in high magnetic fiéld#243036  fields. Deviations from the conventional 3D-LK expression
The effective masses determined from the amplitude of thand tendency to 2D behavior should be significant at lower
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FIG. 7. Dingle plots for the peak-to-peak amplitude of the de . o
Haas-van Alphen oscillations obtained using the @Pper panel ~ Magnetic breakdown oscillations could be observed above

and the 2D-LK(lower panel expressions. Hyg of about 16 T°7%8 The difference between these two
cases may be ascribed to the effective mass of each MB
orbit. The mass ink-(BEDT-TTF),Cu(NCS), is about four

':jemperature and higher magnetic f|elg in Q2D (I)r?amc COMimes as heavy as that of the present salt. The small effective
O?fﬁg%‘;hﬁfgﬁngngﬁ(jocel\;)“aOICﬁagzzeiLaeitﬁgtruégsormass in th_e material under C(_)nsiderati_on is the reason why
’ ’ X the oscillations are observed in lower fields.

2D case except for th_e small c?gan@out 0.3 K in the Another explanation for the change ©f is that the for-
eval_uatedTD. Our previous resul up t0.23 T shows or_1|_y mation of the SDW may induce an excess scattering on the
the increase off . The data clearly indicate the transition

; . carriers as discussed by Harrisenal * Although it has not
t_)etween highitp a”‘ZJSW'TD states around 23 T, which CON" heen unclear how the SDW introduces a disorder into the
firms recent result¥*° It should be noted that the transition

field does not show any temperature dependence at least system, the domain boundary assumed for the mixture of the
: W and normal metal states proposed by Ateasl>®
to 7.33 K. As reported so faf;*>*®the change in the slope brop y

igh he origin of the di .
has been related td, or T,;, where the kink of MR appears. might be the origin of the disorder

our findi h h h d ) In any case, the temperature-independent transition at 23
ur findings show that such a correspondence is not correqtl indicating the reconstruction of the Brillouin zone due to

except afT=0 K. Thus we conclude that the transition be- the SDW formation, suggests that the SDW below 23 T sur-
tween the small, high-Tp, state, and larges, low-Tp one \jyes yp to about 10 K. This result also strongly supports

occurs at the temperature independent field of 23 T. that T,, determined in the previous section is the transition
Two possible mechanisms for the changeTgf are dis- temperature of the SDW.

cussed as follows. The magnetic oscillation of #eorbit

with F(#=0°)=670 T and 704 T a¥=17° in the SDW _ )

state has been considered to be caused by the magnetic D. Hysteresis of magnetoresistance
breakdown(MB) between the multiconnected orbits, result-  Notable hysteresis of MR is one of the characteristic fea-
ing from the reconstruction of the Brillouin zone by the tures in the SDW phase. The hysteresis of the isothermal MR
SDW nesting vector. The schematic reconstructed FS ifas been observed in fairly wide field range between 8 and
shown in the inset of Fig. 7, which is originally proposed by 23 T. The MR for decreasing field takes always lower value
Kartsovnik et al?® This model has been supported by than that for increasing field. In order to observe the com-
ADMRO experiments by several groufRefs. 9, 11, 12, 20, plete hysteresis, it is necessary to sweep the field fully be-
and 21, and is consistent with small FS pockets observed inyween 0 and abovéd,. Incomplete scan of the field has
low fields® In this case, the additional damping factor ap- produced the local hysteresis arourg. In this way, such
pears in the field dependence of the oscillation amplitudehysteresis may depend on the condition and/or the history of
The factorRyg=exp(-2Hyg/H) must be added to Eq2)  the temperature and the field.

in this case of the four-breakdown points, whetgg is a Figure 8 shows the temperature and the field dependence
characteristic field of MB. Thus, the Dingle temperature ofof the resistivity taking the history into account. The sweep
the MB orbit is described asT™=Tp+TH® where rate of the temperature and the field are 0.4 K/min and 0.3
T"D"B=2HMB/AM. From the difference of the Dingle tem- T/min, respectively, for all the measurements. The numbers
peraturesH g is estimated as 14.7 T. This value is some-noted on each curve indicate the order of the measurements:
what higher than the field at which the oscillation is ob- (1) the sample is cooled in zero field down to 1.8(K) then
served. In the case ok-(BEDT-TTF),Cu(NCS), the the magnetic field is sweeping up to 14 T as shown in the
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FIG. 9. The difference of the resistivity between rou@sand FIG. 10. Magnetic phase diagram ofa-(BEDT-

(4) at each field. The arrows indicate the points where the differencd TF)2KHg(SCN),. The marks and the lines are referred to the text.
starts decrease. _ _
where T2, andHS,  are the fitting parameters. Note that

figure, (3) it is warmed up to 18 K at 14 T an@) cooled  Eq.(3) is analogous to the one describing the Pauli paramag-
down to 1.8 K. In this process'l'ylR and TQ{'ZR are clearly netic effect on a superconductor. The fitting parameters are
observed. It is noted that the resistivity in the rog# is  obtained to belfil =8 K andH, =23 T.
smaller than that i3) below Tgﬂf. After cooling in field, We consider the phase transition determined by the mag-
the same process @6) and (6) is done. The resistivities in netic torque and resultant shallow minimum of MR as a firm
(4), (5), and (6) take the same value. The inset shows theconfirmation of the existence of a metal-SDW phase transi-
difference of the resistivity between the rouf® and (4)  tion. A shallow minimum observed atis(H) in the resis-
(ZFC) and betweert5) and (6) (FC). This result shows that tivity results from the crossover between the different mag-
the resistivity only after cooled in zero field takes high valuenetoresistance behavior in the normal metal and the SDW
in the hysteresis. Afte(6), the field decreases at 1.8(®).  phases. The thick curve shows theoretical results for the field
Below about 7 T, the MR becomes reversible. There is n@esponse of SDW, which is fitted f5,(H). The detail is
difference of the resistivity in zero field after the measure-described in Sec. Il F. The three main phases are recognized
ments(8). No time relaxation of MR is observed for 6 hours as follows: the first is a paramagnetic normal metallic state
at 1.8 K and 14 T after the process @. denoted byP, the second is antiferromagnetic SDW phases

Figure 9 shows the difference of the resistivities betweemy AF, and the third is some unknown metallic phase by
routes(3) and(4) at each constant field where the maximum v+ \hich is different from the simplé® state. In theAF
field is being reached in the process(f after (1). At6 and  phase, there are at least three subphases as |, I, and Il. The
8 T, the difference becomes small below the temperaturaF and M* phases are summarized as follows. TAE
marked by the arrows. These points divide the magnetighases are characterized by the presence of the anisotropic
field-temperature phase diagram into two parts befdlff,  component of the susceptibility due to the SDW. In the
i.e., the phase with the reversible and irreversible resistivityAF-| phase, the spontaneous antiferromagnetic moment due

observed for the temperature and the field. to the SDW may lie in the plane. The difference of the an-
isotropic component of the susceptibility in field parallel and
E. Magnetic phase diagram perpendicular to the plane does not change with field, and the

Figure 10 shows the magnetic phase diagram based on tIg/IR shows reversible rapid increase with field. The boundary

MR, torque measurements and dHvA oscillations describe tween theAF-il and theAF-1Il, which is clearly charac-

: S erized by MR, is not recognized well from the magnetic
above. The meaning O,TAFEhe marks in Fig. 10 are the Ope?orque measurements. The anisotropic component of the sus-

. . . MR
circles and triangles fofz;", the double circles foT;; ; the  ceptibility decreases with increasing field as shown in Fig. 3.
open diamonds fof,, the f'"eq reverse triangles ffz; at  The jrreversible MR is observed in theF-II, only when the
0=17°, the filled triangles fofl ;, at =38°, the filled pen- fie|d and temperature are scanned through/Rell between
tagons for a midpoint of the broad transition observed by thene AF-1 and the AF-1Il or M*. In the highest field phase
magnetic torque, the open reverse friangles for the irrevergy * \here dHvA oscillations are predominant, the torque
ibility line for sweeping field, the open squares for the pointsjgoks Jike that in theP phase, and the anisotropic component
indicated in Fig. 9 and the filled squares for the change ot the susceptibility should be quite small if any, while the
w andTy, in the dHVA oscillations. The hatched region rep- mR shows quite different behavior from that in tRephase.
resents a broad metal-SDW transition. The thin brokent js hard to conclude from the present measurements
curves are guides for the eye. The thin solid curve is detefgnether theM* phase still remains magnetic or not. The
mined from fitting Th1" to an empirical formula, reason is that the torque could not detect any change if the

it i 1 2110 finite moment exists there and turns easily toward the field
Tar(H)=Tspwl 1= (H/Hspw) 715 (3 direction.
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F. SDW: theory versus experiment €(p)=*vi2(pPaF Pr) + 2t.cog pd. F @)

The goal of this section is to give a quantitative descrip- , _
tion of the onset temperature of the metal-SDW transition +2tcco82pcdc+2a), )
boundary derived from the torque measurements. This al-

lows us to estimate such important parameters of Q1D segyhere the Fermi velocity;+° corresponds to a free 1D elec-
tions of the FS as effective mass;®, and so-called imper- tron motion in the direction perpendicular to the slightly
fect nesting termf.. Since while fitting of the theoretical modulated sheets of F$, stands for the main contribution
equations obtained in this section to experimental data, thfom the corrugations of Q1D FS, which provides an ideal
onset temperaturels,(H), is used, the obtained value of nesting condition, and the term with<t, is responsible for

t. should be interpreted as a high limit of imperfect nestingsmall deviations from ideal nesting.

bandwidth. We recall that in the case of perfect nesting Note that the closed sections of the FS give relatively

(t.=0) the metal-SDW transition does not show any fielgSmall contribution to Peierls instability and can be neglected
dépendence. in calculatingTspw(H). As shown in Sec. Il B at magnetic

Fom paperson SoW oo i e (8”100 17 T, ocion s o e recin of 2 okl
it is k h ic field i h i - o
itis known that a magnetic field improves the nesting prop magnetic field in the framework of the standard md8ef?

grtles of Q1D sheets of FS and leads to the creation of SDV@erforming calculations analogous to Ref. 40 we obtain the
in (TMTSH ,CIO,, (TMTSF),ReQ,, and some others Q1D following expression o spy(H):

compounds. INTMTSF) ,PF; salt, where SDW is stable at

H=0, it was shown both theoreticaly and

experimentall§® that a magnetic field slightly increases (Tsow(H)) joo dx {
= JO

4té ) WX
0o 27T o H)

. 2 . .
Tspw beingH~ dependent at low enough fields: n Teon(0) o Sinf(x)
, J( 2tx ®
w0 te ) ol oo/ |
Tspw(H) = Tspw(0)= F , (4 mTspw(0)
sow(H) ~ Tsow(0)= 7 —5 (Tsmm @

Note that Eq.(6) contains two unknown parametet’s and
whereF is a dimensionless functidh,o.=eHvid./c is a vE® Due to the existence of a characteristic inflection point
characteristic frequency of an electron motion along operon the experimental curv‘égz(H), it is possible to determine
FS’s,d. is a lattice constant along the# direction,c is the  both of them by numerical fitting of Eq6). After this pro-
velocity of light. Thus, from this point of view, our observa- cedure, we get the results;°=(1.7+0.2)x 10" cm/sec,
tion of increasing To,(H) with magnetic field in  m!®=(0.5+0.1)my, andt,=(10+1) K. At this point, it is
a-(BEDT-TTF),KHg(SCN), is qualitatively consistent useful to compare the band parameters of Q1D orbits esti-
with the interpretation of low-temperature phase as SDWmated by us with the results of band structure calculations
one. (see Mori etal, Ref. 19. The above-obtained value,

Nevertheless, there are two main differencesm!P=0.5m,, is almost two times larger than the calculated
between SDW's in (TMTSF),PF; and «-(BEDT-  one, m'®=0.3-0.4m,. Probably, this difference is a
TTF),KHg(SCN),. On the contrary to(TMTSF),PF;, manifestation of an importance of electron-electron
a-(BEDT-TTF),KHg(SCN), demonstrates more pro- and/or electron-phonon interactions ina-(BEDT-
nounced increase ifispy(H) = Ty,(H) which obeysH? law  TTF),KHg(SCN),. Then, by analyzing the curvé',(H),
only at H<8 T and tends to saturate at higher magnetiove can estimate a deviation from the nesting properties of
fields (see Fig. 1@ The other obvious difference is the co- Q1D sections of FS ag = 10 K. Since the estimated value
existence of both open and closed quasiparticle orbits it/ is small enough, it confirms both Mori's calculatidfs
BEDT-TTF conductors. This coexistence of Q1D and Q2Dgnq so-called Kartsovnik descriptigh.
sections of the FS r_es%lts in two complications. According t0 - By ysing the relationship betwedizy,(0) and saturation
Kartsovnik descriptioR® we have to consider a reconstruc- temperaturel sp():
tion of Q2D orbits below the SDW transition, where Q1D
orbits disappear. In addition, the above-mentioned coexist-
ence cannot give us an opportunity to determine the effective Tsow(®) © dx
mass,m*P, by using the available data on the specific heat In(T—W(O)) =f Sinhx)
and/or magnetic susceptibility in a paramagnetic metal phase sb
as it was done fofTMTSF) ,PF; in Ref. 44,

Therefore, we present some more general description afe obtain forTgpy () the value of(12.5 + 1) K.
SDW in a magnetic field than it was done in Ref. 43, inorder |t is worth to derive some analytical expressions for
to derive all Q1D band parametensi'®, vi® andt. di- the Tgpw(H) that are applicable both for-(BEDT-
rectly from the comparison of the theoretical results with theTTF),KHg(SCN), and (TMTSF) ,PF; salts. In addition to
experimental'r;2 curve. We start from the simplified elec- known Eq.(4) (Ref. 43 [which is valid only for small mag-
tron spectrum that is usually considered to describe Qletic fields, w.<Tspw(0), anddoes not show any satura-

band?’ tion], we present some more common analytical formulas:

2t(x
ol o

0 mTspw(0)
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In( TSDV\/(OO))
Tspw(H)

o\ (1 we The metal-SDW transition is so broad that it is difficult to
— | Y s— =~ define unique temperature of the phase transition. Although
(OF 2 ZWTSDVV(H) . . . . . .
the increase in onset temperature with increasing magnetic
1 » ) (1” field is in agreement with theoretical description, the tem-
_le —
2 )

. C
e T o H)

perature defined by the midpoint of the broad transition
seems to be independent of magnetic field.

(8 Below, we summarize some unsolved problems

wherey is the so-called psi functiofsee, for example, Ref. '€9arding the magnetic phase diagram af(BEDT-

45): TTF),KHQ(SCN),: (i) The nature ofT;; (H) line still re-
mains unclear. Moreover the transition'B;flR(H) has been
observed only in transport properties such as MR, but not in

) (9)  torque.(ii) Are the magnetic properties in tié* phase still
AF-like or not? Note that dHvA and ADMRO effects dem-

andC is Euler's constant. Note that E() is applicable for  onstrate that the reconstruction of FS is removed th@rglt

the arbitrary magnetic fields in the experimentally interestings important to clarify the origin of the crossover line

case whert;~Tspw(0). It is important that, for strong and T,(H) since this line crosses the boundary between the

moderate magnetic fieldsvhenw./7Tspw(0)=1], Eq.(8)  AF-lll and M* phases. We speculate that it is somehow

1 1

v0=-C-2 {5 17k

k=0

is significantly simplified: related to the MB phenomenon across some gap which is
opened due to the appearance of SDW potential below

Tsow(®) | at;? Tsow(H) . (iv) The origin of hysteresis observed in MR

n Tsow(H)) [7TspwH) 12+ i (10 only inside theAF-Il phase is not clear. According to the

] ) present study, the possibility for the extrinsic origin of the
Using Egs.(4) and(10), we present the theoretical curve by pysteresis due to the contamination of the metallic domain
a thick solid line. The theoretical curve can reproducepy fast cooling the sample is excluded.

TL,(H) well with use of reasonable parametersnof® and
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