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Magnetic phase diagram of a quasi-two-dimensional organic conductora-(BEDT-TTF)2KHg(SCN)4 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 wave~SDW! 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 from about 8 K at
H50 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,m1D.(0.560.1)m0, and an upper limit of an imperfect nesting bandwidth
tc8.(10 61) 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 temperature,TD , change their values fromm*5~1.67 6 0.05! m0 and
TD53.7–4.0 K in low magnetic field region to~1.956 0.05! m0 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 dependences.@S0163-1829~96!08342-7#

I. INTRODUCTION

An isostructural family of organic conductors
a-(BEDT-TTF)2MHg(XCN)4,

1–5 where BEDT-TTF is bis-
~ethylenedithio!tetrathiafulvalen, has been the subject of in-
tensive study due to a variety of the ground states.6 While the
superconductivity appears at about 1 K in
a-(BEDT-TTF)2NH4Hg(SCN)4,

7 the other salts with
M5K or Tl, andX5Se remain to be a metal at least down to
about 50 mK.4,5 Much attention has been focused on the
field-induced phase transitions in the salts withM5K, Tl or
Rb, andX5S.8–14 The ground state is thought to be com-
monly a spin-density-wave~SDW! condensation below
TSDW. 8 K for the KHg~SCN! 4 salt, for example, where a
shoulder-type resistance anomaly15 and the anisotropic mag-
netic susceptibility typical for an antiferromagnetic
ordering16 appear. BelowTSDW, the spontaneous moment of
331023mB is detected by zero field muon spin relaxation
measurements.17 Note that the SDW amplitude in our case is
much smaller than that in~TMTSF! 2PF6 (;0.1mB),

18 where
TMTSF is tetramethyltetraselenafulvalene. An apparent dif-
ference between BEDT-TTF and TMTSF salts is found in
the Fermi surface~FS! topology. According to Mori’s band
structure calculation,19 a-(BEDT-TTF)2MHg(SCN)4 has
both the quasi-two-dimensional~Q2D! and quasi-one-
dimensional~Q1D! quasiparticle orbits. A couple of the Q1D

FS sheets is likely to possess a nesting properties, and there-
fore the system is expected to be unstable against a periodic
SDW modulation. On the contrary to TMTSF salts, in
a-(BEDT-TTF)2MHg(SCN)4, both Q1D and Q2D sections
of FS coexist, that is a distinct feature of the latter material.

The reconstruction of the FS caused by the magnetic Bril-
louin zone due to the nesting, has been suggested so far by
detailed studies of angle dependent magnetoresistance oscil-
lations~ADMRO!.9,11,12,20,21A number of magnetoresistance
~MR! anomalies have been observed belowTSDW. The MR
rapidly increases with field up to its maximum value around
10 T. With further increase of the magnetic field, the MR
continuously decreases down to so-called kink structure at
23 T and at higher field it increases again.22 Hysteretic be-
havior is clearly observed for increasing and decreasing
fields between about 8 and 23 T.23,24On the anomalous MR
curve, complicated field-dependent spectrum of
Shubnikov-de Haas oscillations are observed.11,25One of the
most remarkable features of the MR is the observation of a
sharp kink by Osadaet al.22 The kink field,Ha , shifts to
lower field with increasing temperature and becomes zero at
T5TSDW. The magnetic phase diagram that has been pro-
posed is based on these magnetoresistance anomalies in
magnetic fields perpendicular to the conductinga-c
plane.23,26The field-induced transition in the present material
has been considered to be different from that in the TMTSF

PHYSICAL REVIEW B 1 NOVEMBER 1996-IIVOLUME 54, NUMBER 18

540163-1829/96/54~18!/12969~10!/$10.00 12 969 © 1996 The American Physical Society



salts where an external field stabilizes the SDW state by
improving the nesting condition due to the one dimensional-
ization of electron spectrum in a magnetic field.27 To
explain the experimental phase diagram of
a-(BEDT-TTF)2MHg(SCN)4, Osada et al.28 have sug-
gested that the magnetic breakdown between Q2D and Q1D
sections of the FS could suppress the SDW transition.
Kishigi and Machida29 have obtained the similar results by
calculating the free energy in the presence of a SDW state in
a magnetic field. Thus a magnetic field has been considered
to destabilize the SDW and the reentrance to the metallic
state has been expected to occur atH.Ha . On the other
hand, magnetic torque measurements by Christet al.30 dem-
onstrate the existence of a hysteresis even aboveHa . This
result means that high-field phase aboveHa is not a normal
metallic state. Recently, we have reported about a possibility
of the existence of a phase boundary~or crossover line! in
the high-temperature normal metallic region. It was deter-
mined from a shallow minima in the temperature dependence
of the resistivity in a magnetic field.31 These recent experi-
ments by Christet al. and us demonstrate that the high-field
phase atH.Ha is different from the metallic phase above
TSDW.

In this paper, the magnetic torque measurements are pre-
sented to clarify the magnetic properties and the origin of the
phase boundaries. The phase boundary is thermodynamically
confirmed by the torque measurements. In addition, magne-
toresistance measurements are extended to higher fields. The
hysteresis phenomena of MR are studied in more detail. Fi-
nally, the magnetic phase diagram is revisited from the view-
point of these measurements. Possible theoretical explana-
tions for the transitions in fields are discussed.

II. EXPERIMENT

Single crystals ofa-(BEDT-TTF)2KHg(SCN)4 were
grown by the electro-oxidation method of BEDT-TTF in the
distilled 1,1,2-trichloroethane with 10 volume % of the eth-
anol solution containing the purified electrolyte of KSCN,
Hg~SCN! 2 and 18-crown-6 ether. The crystals having a typi-
cal size of a few mm23; 0.3 mm are grown on a platinum
anode with the constant current of 0.5mA. The well-
developed facet is the crystallographica-c plane.

The magnetic torque was measured with a capacitive can-
tilever beam torquemeter. The capacitor consists of a circular
plate~3 mmf) as the moving electrode, which is suspended
by a narrow beam~0.2 mm3 4 mm! made of thin beryllium
copper~50 mm!, and the sapphire plate with gold film sput-
tered as the ground plate. A single crystal of 2.92 mg is fixed
on the moving plate with a small amount of grease. The
capacitance measurements were done using a capacitance
bridge~General Radio 1615A! and a lock-in-amplifier~PAR
124A!. This torquemeter without the sample showed a small
temperature and field dependence of the capacitance, which
was reproducible both in the thermal and the field cycles. It
may be due to a small amount of magnetic impurities in the
beryllium copper used. No time dependence of the capaci-
tance was observed. Therefore all of the data presented in
this paper are corrected by subtracting the background mea-
sured in another run from the original data obtained. Resis-
tivity measurements were done by a conventional four-

terminal method using dc current of 100mA in the a-c
plane. The electrical terminals were made of the evaporated
gold films, and gold wires~10 mmf) are glued onto the
films with gold paint. The contact resistance was less than 10
V. Magnetic torque and resistivity measurements in field
were carried out up to 14 T using the superconducting and 30
T hybrid magnets at High Field Laboratory, IMR, Tohoku
University. The temperature in field was measured using
Cernox thermometer~Lake Shore Cryotronics, Inc.! cali-
brated by a capacitance thermometer.

III. RESULTS AND DISCUSSION

A. Resistivity in magnetic field

Before proceeding to the magnetic torque measurements,
we briefly review the temperature dependence of the resis-
tivity obtained previously,31 and present some new data up to
26 T.

Figure 1 shows the temperature dependence of the resis-
tivity in a magnetic field normal to the conductivea-c plane.
Each resistivity curve is shifted by 1 mV cm for clarity. A
shoulder-type anomaly is observed aroundTSDW 5 8 K in
H50 T, which corresponds to the onset of the SDW transi-
tion expected from other measurements. With magnetic field,
the magnetoresistance increases rapidly below the tempera-
ture of the resistivity minimum. We define this temperature
asTa1

MR(H) which corresponds to the kink transition and has
been so far interpreted as an onset temperature for a density
wave phase transition. Above 10 T, the enhancement of MR
is gradually suppressed. Concurrently,Ta1

MR(H) shifts to
lower temperatures and vanishes aboveH523 T. It is noted
that this behavior ofTa1

MR(H) is consistent with such experi-
mental features as a rapid increase, a negative slope, and a
kink in the isothermal MR. To summarize, the existence of a
magnetic phase has been proposed so far on the basis of the
field dependence ofTa1

MR(H). In our previous report,31 we

FIG. 1. Temperature dependence of the resistivity in fields per-
pendicular to the conductivea-c plane. The curves are shifted by 1
mV cm each from the data atH50 T.
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mentioned about the shallow minimum which was attributed
to a possible phase transition or a crossover between differ-
ent magnetoresistance regions. The temperatureTa2

MR(H) de-
fined by shallow minima as shown in Fig. 1 shifts to higher
temperatures with increasing field, in contrast to the behavior
of Ta1

MR(H). Both characteristic temperature,Ta1
MR(H) and

Ta2
MR(H), approach toTSDW when a magnetic field goes to

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
Ta2
MR(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 temperaturesTa1

MR and Ta2
MR . It defines

some new crossover lineTp(H).

B. Magnetic torque measurements

Magnetic torque is given by an expression oft5M3H,
where the magnetization is related to the susceptibility tensor
x̂ as follows,M5x̂H. In the present material belowTSDW,
there exists an anisotropic susceptibility componentxA in
addition to the isotropic onex I . In this case, the torque~per
unit volume! is expressed ast5H2xAcosusinu, whereu is
the angle between a magnetic field and a direction normal to
thea-c plane.

Figure 2~a! shows the temperature dependence of the
torque atu517° in a magnetic field up to 27 T. The torque
is increasing with increasing magnetic field. In the high-
temperature region, it shows a little temperature dependence
indicating by the solid lines. At lower temperatures, the mag-
netic torque increases below about 10 K, which is solely due
to the increase of the anisotropic susceptibility component
xA by the SDW transition. This transition is so broad as is
observed in the static susceptibility measurements16 that it is
difficult to determine the certain transition temperature. To
define onset temperatureTa2

t (H) of the SDW transition, a
quantity Dt @after subtracting a little temperature depen-
dence which was extrapolated from a high-temperature re-
gion to lower temperature, see the solid lines in Fig. 2~a!# has
been plotted in Fig. 2~b!. The onset of the increase is defined
as the temperature whereDt exceeds the criterion level~10
dyn cm/g! that is determined by the resolution and stability
in sweeping the temperature. We note that the large change
in Dt at low temperatures above 19 T is caused by de Haas-
van Alphen ~dHvA! effect considered in the next section.
The definition ofTa2

t (H) is not influenced by this effect
because the oscillation amplitude is negligibly small enough
around 10 K. Uncertainty in the determination of the tem-
perature is estimated to be about60.5 K by taking the width
of the criterion (650 %! into account. As shown in Figs.
2~a! and 2~b!, Ta2

t (H) shifts to higher temperatures with in-
creasing of a magnetic field and tends to be saturated. This
onset temperature gives us a higher bound of the broad tran-
sition temperature. The other important points to be noted
are that there are no magnetic torque anomaly atTa1

MR(H)
and thatTa2

t (H) disappears atH. 23 T. The details of the

magnetic phase diagram obtained on the basis of the behav-
ior of Ta2

t (H) andTa1
MR(H) are discussed in Sec. III E.

Figure 3 demonstrates the behavior of torque scaled by
H2, t̃[t/H2. Above Ta2

t (H), t̃ is universal as a constant
value of about 7.3 dyn cm/gT2, which means that the aniso-
tropic componentxA is independent of the field. Below
Ta2
t (H), on the other hand,xA is significantly dependent on

temperature. Below 8 T, the torque is scaled as well as above
Ta2
t , and xA increases with decreasing temperature. It has

shown that the static spin susceptibility,16 xspin, decreases
belowTSDW in the case when field is applied parallel to the
a-c plane, but remains almost constant at field normal to the
plane. Therefore the magnetic easy axis of the antiferromag-
netic ordering is expected to be in thea-c plane. The differ-
ence of the value ofxspin between these two cases is
Dxspin522331024 emu/mole, which corresponds to the
change of the anisotropy,DxA . The change int̃ estimated
from Dxspin is about 4.7–7.2 dyn cm/gT2. This value is in
good agreement with the observed change of the torque
which is about 6.8 dyn cm/gT2. Above 8 T, the torque be-

FIG. 2. ~a! Temperature dependence of a magnetic torque in a
constant magnetic field tilted byu517° from the direction normal
to the conductivea-c plane. ~b! Enhancement of the magnetic
torque at low temperatures~after subtracting the high-temperature
data extrapolated to low-temperature region!. The transition line at
Ta2
t (H) is determined by using the criterion level of 10 dyn cm/g.
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gins to deviate downward from the scaled curve. This devia-
tion corresponds to the decrease ofxA , suggesting that the
moment of the SDW might become smaller or cant toward a
magnetic field direction. The field at which the anisotropy
starts to change with field is much higher than that in the
SDW states in TMTSF salts. For example,~TMTSF! 2AsF6
with TSDW 5 12 K shows a spin-flop transition atH50.45
T.32 The reason for this difference between two families of
organic conductors is not clear yet.

The inset in Fig. 3 shows the temperature derivative of
t̃ to demonstrate the broad SDW transition. The width of the
broad transition is estimated to be about 2; 3 K around 8
K. The transition temperature is defined by a midpoint of the
slope in the transition region, which is marked by an open
triangle. We found that a midpoint of this broad transition
seems to be almost independent on magnetic field. This field
dependence is quite different withTa1

MR(H) defined from the
kink structure of MR.

It is shown that the field region between 8 and 23 T,
wherexA changes with magnetic field, corresponds to a wide
hysteresis of MR observed before. This means that the hys-
teresis of MR closely relates to the field dependence of the
magnetic properties as it is seen fromxA behavior. Never-
theless, no hysteresis is observed both in the field and tem-
perature dependences of the torque, which is in disaccor-
dance with the large hysteresis observed above 23 T and
below 1 K by Christ et al.30 As it is pointed out in the next
section, our measurements of the field dependence of the
torque are available forT.2.52 K, which might be the rea-
son for nonobservation of hysteresis phenomenon atH.23
T. The detail of the hysteresis phenomenon is discussed in
Sec. III D.

C. de Haas-van Alphen effect

In Fig. 4, we show dHvA signals on a magnetic torque
curve atu517°. The data at 9.01 and 10.5 K obtained after
subtracting the monotonic background from the original ones

show the quantum magnetic oscillations visible even at these
high temperatures. The characteristic splitting of dHvA sig-
nal, which has been revealed belowHa , is not observed at
temperatures above 2.52 K. The oscillation frequencyF is
found to be 7046 5 T both above and belowHa . The
observed frequency is in good agreement with the previous
SdH results for the angle dependence ofF,
F5670/cos(17°)~T! . 700 T, which is a characteristic of a
cylindrical FS. The organic conductor under consideration is
known to have both Q2D and Q1D FS’s above the SDW
transition. In the perfect 2D case, it is known that the field
dependence of the oscillation amplitude is different from the
conventional 3D Lifshitz-Kosevich~LK ! formula. The rea-
son is that the nonoscillatory part of the density of states is
essentially independent of energy,«, in the 2D case, in con-
trast to 3D case where it is increasing as«1/2 ~Refs. 33 and
34!. Thus the additional factor of (m/\vc)

1/2}H21/2 is
present in the 3D-LK expression for magnitude of SdH or
dHvA oscillations, wherem5m* /m0 is the effective mass
ratio to bare electron mass,m0, and vc5eH/m* c is the
cyclotron frequency. Recently, the application of the 2D for-
mulas to the isostructural organic conductor
a-(BEDT-TTF)2KHg(SeCN)4 was tested.4 According to
Ref. 4, the conventional 3D-LK formulas can reproduce the
results better than the corresponding 2D expression. In this
paper, both the conventional 3D-LK expression and the 2D
expression are used to analyze the dHvA oscillations and to
evaluate Dingle temperature. It is noted that, in general, the
procedure to determine the effective mass is independent on
2D or 3D formulas.

The first harmonics of the oscillatory part of the torque
~3D case! is given by35

tosc52
1

F

dF

du
MoscH, ~1!

FIG. 3. Temperature dependence of the magnetic torque divided
by the field squared. AboveTa2

t , the torque is scaled at the constant
value of about 7.3 dyn cm/gT2. The inset shows the temperature
derivative oft̃. 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
is applied to the data.
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Mosc}TFH
21/2

exp~2lmTD /H !

sinh~lmT/H !
cos~pgm/2!

3sin~2pF/H1f!, ~2!

wherel[2p2m0ckB /e\ 5 14.69 T/K,c is the light veloc-
ity, kB the Boltzmann’s constant,\ the Planck’s constant,
g the so-called electrong factor (g.2), and TD is the
Dingle temperature. In the 2D case, the exponent of the mag-
netic field should be changed from –1/2 into 1/2 in Eq.~2!.
The effective mass is determined by fitting the experimental
dHvA oscillation amplitude to Eqs.~1! and ~2!. The ampli-
tudes of the oscillations were determined by two ways, ap-
plication of Fourier analysis for 15T,H,20 T, 20 T
,H,25 T, and 25 T,H,30 T and measuring the peak-to-
peak amplitudes for each oscillation. Figure 5 shows the fre-
quency spectra obtained by fast Fourier transformation
~FFT!. The second harmonics is not so strong at these tem-
peratures that the contribution of the higher harmonics can
be neglected in our analysis. The insets show the temperature
dependence of the first harmonic amplitude which corre-
sponds to the fundamental frequency of 704 T as previously
described. The broken lines in each inset are the fitting
curves obtained from Eqs.~1! and~2! with the parameters of
m51.96 atH527.3 T, 1.83 at 22.2 T, and 1.65 at 17.15 T.
These values of magnetic field are determined as the center
in the reciprocal-field space for each field range. The ob-
tained effective mass increases with increasing field. Con-
cerning the effective mass of this material, there have been
reported the different value in high magnetic field.11,14,24,30,36

The effective masses determined from the amplitude of the

FFT spectra are shown by the filled circles in Fig. 6. In
addition, the open circles denote the mass determined from
the measuring of the peak-to-peak amplitude of each oscilla-
tion. The values estimated by these two methods are in good
agreement with each other, since the higher-order harmonics
are too weak in the oscillations measured under the present
experimental conditions. The effective mass clearly demon-
strates a magnetic field dependence. It is almost constant
below 20 T (m.1.6760.05 on the average! and above 25 T
(m.1.9560.05!. Between these crossover, there appears a
pronounced change of the effective mass at about 23 T. In
our previous measurements36 up to 25 T, no field-dependent
mass was reported. This contradiction is due to the different
experimental conditions of the field and temperature regions
analyzed. The present results are in good agreement with
those obtained by Christet al.30 and Prattet al.24 including
the quoted value of effective masses. In addition, Harrison
et al. reported similar change of the mass fromm.1.5 ~low
fields! to . 2.7 ~high fields!, using the inductive method in a
pulsed-field experiment.14 The reason for the different values
of the effective mass obtained at high magnetic fields is still
unclear. Note that the determination of the effective mass
may somewhat depend on the experimental method.

Figure 7 shows Dingle plots at different temperatures ob-
tained by using the 3D~upper panel! and the 2D-LK~lower
panel! expressions with the effective mass obtained as a
function of magnetic field~see Fig. 6!. The change of the
slope are clearly seen around 23 T in both cases. According
to LK formulation, the slope is equal to2lmTD . Two dif-
ferent Dingle temperatures are obtained from the slope of the
fitting lines:TD5 3.7 K ~4.0 K! at low fields andTD5 2.5 K
~2.8 K! at high fields in the 3D~2D! case. Comparing the
two cases, it is hard to say which case does reproduce the
experimental data better at these temperatures and magnetic
fields. Deviations from the conventional 3D-LK expression
and tendency to 2D behavior should be significant at lower

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 shows
the temperature dependence of the Fourier amplitude (A) at the
fundamental frequency of 704 T. The broken curve shows the fit-
ting one to Eq.~2! using the parameters in each panel.

FIG. 6. The effective mass plotted as a function of field. The
mass indicated by the filled and the open circles are derived from
the temperature dependence of the Fourier amplitude at the funda-
mental frequency and the peak-to-peak amplitude of the oscilla-
tions, respectively. The schematic Fermi surface is shown in the
inset: ~a! Fermi surface calculated by the tight-binding approxima-
tion in Ref. 19, which is prior to the SDW formation. The arrows
are the possible nesting vector expected from the ADMRO mea-
surements.~b! The multiconnected Fermi surface reconstructed by
nesting the open part due to the SDW formation after Ref. 20.
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temperature and higher magnetic field in Q2D organic con-
ductor a-(BEDT-TTF)2KHg(SCN)4. The general features
of the Dingle plot, however, does not change in either 3D or
2D case except for the small change~about 0.3 K! in the
evaluatedTD . Our previous results

36 up to 23 T shows only
the increase ofTD . The data clearly indicate the transition
between high-TD and low-TD states around 23 T, which con-
firms recent results.14,30 It should be noted that the transition
field does not show any temperature dependence at least up
to 7.33 K. As reported so far,14,30,36the change in the slope
has been related toHa or Ta1, where the kink of MR appears.
Our findings show that such a correspondence is not correct
except atT.0 K. Thus we conclude that the transition be-
tween the small-m, high-TD state, and large-m, low-TD one
occurs at the temperature independent field of 23 T.

Two possible mechanisms for the change ofTD are dis-
cussed as follows. The magnetic oscillation of thea orbit
with F(u50°)5670 T and 704 T atu517° in the SDW
state has been considered to be caused by the magnetic
breakdown~MB! between the multiconnected orbits, result-
ing from the reconstruction of the Brillouin zone by the
SDW nesting vector. The schematic reconstructed FS is
shown in the inset of Fig. 7, which is originally proposed by
Kartsovnik et al.20 This model has been supported by
ADMRO experiments by several groups~Refs. 9, 11, 12, 20,
and 21!, and is consistent with small FS pockets observed in
low fields.13 In this case, the additional damping factor ap-
pears in the field dependence of the oscillation amplitude.
The factorRMB5exp(22HMB /H) must be added to Eq.~2!
in this case of the four-breakdown points, whereHMB is a
characteristic field of MB. Thus, the Dingle temperature of
the MB orbit is described asTD

obs5TD1TD
MB where

TD
MB52HMB /lm. From the difference of the Dingle tem-

peratures,HMB is estimated as 14.7 T. This value is some-
what higher than the field at which the oscillation is ob-
served. In the case ofk-(BEDT-TTF)2Cu(NCS)2, the

magnetic breakdown oscillations could be observed above
HMB of about 16 T.37,38 The difference between these two
cases may be ascribed to the effective mass of each MB
orbit. The mass ink-(BEDT-TTF)2Cu(NCS)2 is about four
times as heavy as that of the present salt. The small effective
mass in the material under consideration is the reason why
the oscillations are observed in lower fields.

Another explanation for the change ofTD is that the for-
mation of the SDW may induce an excess scattering on the
carriers as discussed by Harrisonet al.14 Although it has not
been unclear how the SDW introduces a disorder into the
system, the domain boundary assumed for the mixture of the
SDW and normal metal states proposed by Athaset al.39

might be the origin of the disorder.
In any case, the temperature-independent transition at 23

T, indicating the reconstruction of the Brillouin zone due to
the SDW formation, suggests that the SDW below 23 T sur-
vives up to about 10 K. This result also strongly supports
that Ta2 determined in the previous section is the transition
temperature of the SDW.

D. Hysteresis of magnetoresistance

Notable hysteresis of MR is one of the characteristic fea-
tures in the SDW phase. The hysteresis of the isothermal MR
has been observed in fairly wide field range between 8 and
23 T. The MR for decreasing field takes always lower value
than that for increasing field. In order to observe the com-
plete hysteresis, it is necessary to sweep the field fully be-
tween 0 and aboveHa . Incomplete scan of the field has
produced the local hysteresis aroundHa . In this way, such
hysteresis may depend on the condition and/or the history of
the temperature and the field.

Figure 8 shows the temperature and the field dependence
of the resistivity taking the history into account. The sweep
rate of the temperature and the field are 0.4 K/min and 0.3
T/min, respectively, for all the measurements. The numbers
noted on each curve indicate the order of the measurements:
~1! the sample is cooled in zero field down to 1.8 K,~2! then
the magnetic field is sweeping up to 14 T as shown in the

FIG. 7. Dingle plots for the peak-to-peak amplitude of the de
Haas-van Alphen oscillations obtained using the 3D~upper panel!
and the 2D-LK~lower panel! expressions.

FIG. 8. Temperature and field dependence of the resistivity. The
number noted on each curve indicates the order of the measure-
ment. The inset in the right panel shows the difference of the resis-
tivity between routes~3! and ~4! ~ZFC! and between~5! and ~6!
~FC!.
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figure, ~3! it is warmed up to 18 K at 14 T and~4! cooled
down to 1.8 K. In this process,Ta1

MR and Ta2
MR are clearly

observed. It is noted that the resistivity in the route~4! is
smaller than that in~3! below Ta1

MR . After cooling in field,
the same process of~5! and ~6! is done. The resistivities in
~4!, ~5!, and ~6! take the same value. The inset shows the
difference of the resistivity between the route~3! and ~4!
~ZFC! and between~5! and ~6! ~FC!. This result shows that
the resistivity only after cooled in zero field takes high value
in the hysteresis. After~6!, the field decreases at 1.8 K~7!.
Below about 7 T, the MR becomes reversible. There is no
difference of the resistivity in zero field after the measure-
ments~8!. No time relaxation of MR is observed for 6 hours
at 1.8 K and 14 T after the process of~2!.

Figure 9 shows the difference of the resistivities between
routes~3! and~4! at each constant field where the maximum
field is being reached in the process of~2! after ~1!. At 6 and
8 T, the difference becomes small below the temperature
marked by the arrows. These points divide the magnetic
field-temperature phase diagram into two parts belowTa1

MR ,
i.e., the phase with the reversible and irreversible resistivity
observed for the temperature and the field.

E. Magnetic phase diagram

Figure 10 shows the magnetic phase diagram based on the
MR, torque measurements and dHvA oscillations described
above. The meaning of the marks in Fig. 10 are the open
circles and triangles forTa1

MR , the double circles forTa2
MR , the

open diamonds forTp , the filled reverse triangles forTa2
t at

u517°, the filled triangles forTa2
t at u538°, the filled pen-

tagons for a midpoint of the broad transition observed by the
magnetic torque, the open reverse triangles for the irrevers-
ibility line for sweeping field, the open squares for the points
indicated in Fig. 9 and the filled squares for the change of
m andTD in the dHvA oscillations. The hatched region rep-
resents a broad metal-SDW transition. The thin broken
curves are guides for the eye. The thin solid curve is deter-
mined from fittingTa1

MR to an empirical formula,

Ta1
fit ~H !5TSDW

fit1 @12~H/HSDW
fit 1 !2#1/2, ~3!

whereTSDW
fit1 andHSDW

fit1 are the fitting parameters. Note that
Eq. ~3! is analogous to the one describing the Pauli paramag-
netic effect on a superconductor. The fitting parameters are
obtained to beTSDW

fit1 58 K andHSDW
fit1 523 T.

We consider the phase transition determined by the mag-
netic torque and resultant shallow minimum of MR as a firm
confirmation of the existence of a metal-SDW phase transi-
tion. A shallow minimum observed atTa2

MR(H) in the resis-
tivity results from the crossover between the different mag-
netoresistance behavior in the normal metal and the SDW
phases. The thick curve shows theoretical results for the field
response of SDW, which is fitted toTa2

t (H). The detail is
described in Sec. III F. The three main phases are recognized
as follows: the first is a paramagnetic normal metallic state
denoted byP, the second is antiferromagnetic SDW phases
by AF, and the third is some unknown metallic phase by
M* which is different from the simpleP state. In theAF
phase, there are at least three subphases as I, II, and III. The
AF and M* phases are summarized as follows. TheAF
phases are characterized by the presence of the anisotropic
component of the susceptibility due to the SDW. In the
AF-I phase, the spontaneous antiferromagnetic moment due
to the SDW may lie in the plane. The difference of the an-
isotropic component of the susceptibility in field parallel and
perpendicular to the plane does not change with field, and the
MR shows reversible rapid increase with field. The boundary
between theAF-II and theAF-III, which is clearly charac-
terized by MR, is not recognized well from the magnetic
torque measurements. The anisotropic component of the sus-
ceptibility decreases with increasing field as shown in Fig. 3.
The irreversible MR is observed in theAF-II, only when the
field and temperature are scanned through theAF-II between
the AF-I and theAF-III or M* . In the highest field phase
M* where dHvA oscillations are predominant, the torque
looks like that in theP phase, and the anisotropic component
of the susceptibility should be quite small if any, while the
MR shows quite different behavior from that in theP phase.
It is hard to conclude from the present measurements
whether theM* phase still remains magnetic or not. The
reason is that the torque could not detect any change if the
finite moment exists there and turns easily toward the field
direction.

FIG. 9. The difference of the resistivity between routes~3! and
~4! at each field. The arrows indicate the points where the difference
starts decrease.

FIG. 10. Magnetic phase diagram ofa-(BEDT-
TTF)2KHg(SCN)4. The marks and the lines are referred to the text.
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F. SDW: theory versus experiment

The goal of this section is to give a quantitative descrip-
tion of the onset temperature of the metal-SDW transition
boundary derived from the torque measurements. This al-
lows us to estimate such important parameters of Q1D sec-
tions of the FS as effective mass,m1D, and so-called imper-
fect nesting term,tc8 . Since while fitting of the theoretical
equations obtained in this section to experimental data, the
onset temperature,Ta2

t (H), is used, the obtained value of
tc8 should be interpreted as a high limit of imperfect nesting
bandwidth. We recall that in the case of perfect nesting
(tc850) the metal-SDW transition does not show any field
dependence.

From papers on SDW formations in a magnetic field,40–42

it is known that a magnetic field improves the nesting prop-
erties of Q1D sheets of FS and leads to the creation of SDW
in ~TMTSF! 2ClO4 , (TMTSF)2ReO4, and some others Q1D
compounds. In~TMTSF! 2PF6 salt, where SDW is stable at
H50, it was shown both theoretically43 and
experimentally44 that a magnetic field slightly increases
TSDW beingH2 dependent at low enough fields:

TSDW~H !2TSDW~0!5
vc
2

TSDW~0!
FS tc8

TSDW~0!
D , ~4!

whereF is a dimensionless function,43 vc5eHvF
1Ddc /c is a

characteristic frequency of an electron motion along open
FS’s,dc is a lattice constant along thec* direction,c is the
velocity of light. Thus, from this point of view, our observa-
tion of increasing Ta2

t (H) with magnetic field in
a-(BEDT-TTF)2KHg(SCN)4 is qualitatively consistent
with the interpretation of low-temperature phase as SDW
one.

Nevertheless, there are two main differences
between SDW’s in ~TMTSF! 2PF6 and a-(BEDT-
TTF)2KHg(SCN)4. On the contrary to ~TMTSF! 2PF6,
a-(BEDT-TTF)2KHg(SCN)4 demonstrates more pro-
nounced increase inTSDW(H)5Ta2

t (H) which obeysH2 law
only at H,8 T and tends to saturate at higher magnetic
fields ~see Fig. 10!. The other obvious difference is the co-
existence of both open and closed quasiparticle orbits in
BEDT-TTF conductors. This coexistence of Q1D and Q2D
sections of the FS results in two complications. According to
Kartsovnik description,20 we have to consider a reconstruc-
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
mass,m1D, by using the available data on the specific heat
and/or magnetic susceptibility in a paramagnetic metal phase
as it was done for~TMTSF! 2PF6 in Ref. 44.

Therefore, we present some more general description of
SDW in a magnetic field than it was done in Ref. 43, in order
to derive all Q1D band parameters,m1D, vF

1D and tc8 di-
rectly from the comparison of the theoretical results with the
experimentalTa2

t curve. We start from the simplified elec-
tron spectrum that is usually considered to describe Q1D
band:27

e~pW !56vF
1D~pa7pF!12tccos~pcdc7a!

12tc8cos~2pcdc72a!, ~5!

where the Fermi velocity,vF
1D corresponds to a free 1D elec-

tron motion in the direction perpendicular to the slightly
modulated sheets of FS,tc stands for the main contribution
from the corrugations of Q1D FS, which provides an ideal
nesting condition, and the term withtc8!tc is responsible for
small deviations from ideal nesting.

Note that the closed sections of the FS give relatively
small contribution to Peierls instability and can be neglected
in calculatingTSDW(H). As shown in Sec. III B at magnetic
fieldsH.8 T, electron spins follow the direction of a field
that give us an opportunity to consider the SDW response on
a magnetic field in the framework of the standard model.40–42

Performing calculations analogous to Ref. 40 we obtain the
following expression forTSDW(H):

lnS TSDW~H !

TSDW~0!
D 5E

0

` dx

sinh~x! H J0F4tc8vc
sinS vcx

2pTSDW~H !
D G

2J0S 2tc8x

pTSDW~0!
D J . ~6!

Note that Eq.~6! contains two unknown parameterstc8 and
vF
1D Due to the existence of a characteristic inflection point

on the experimental curveTa2
t (H), it is possible to determine

both of them by numerical fitting of Eq.~6!. After this pro-
cedure, we get the results:vF

1D.(1.760.2)3107 cm/sec,
m1D.(0.560.1)m0, and tc8.(1061) K. At this point, it is
useful to compare the band parameters of Q1D orbits esti-
mated by us with the results of band structure calculations
~see Mori et al., Ref. 19!. The above-obtained value,
m1D50.5m0, is almost two times larger than the calculated
one, m1D50.320.4m0. Probably, this difference is a
manifestation of an importance of electron-electron
and/or electron-phonon interactions ina-(BEDT-
TTF)2KHg(SCN)4. Then, by analyzing the curveTa2

t (H),
we can estimate a deviation from the nesting properties of
Q1D sections of FS astc85 10 K. Since the estimated value
of tc8 is small enough, it confirms both Mori’s calculations19

and so-called Kartsovnik description.20

By using the relationship betweenTSDW(0) and saturation
temperatureTSDW(`):

lnS TSDW~`!

TSDW~0!
D 5E

0

` dx

sinh~x!
F12J0S 2tc8x

pTSDW~0!
D G , ~7!

we obtain forTSDW(`) the value of~12.56 1! K.
It is worth to derive some analytical expressions for

the TSDW(H) that are applicable both fora-(BEDT-
TTF)2KHg(SCN)4 and ~TMTSF! 2PF6 salts. In addition to
known Eq.~4! ~Ref. 43! @which is valid only for small mag-
netic fields,vc!TSDW(0), anddoes not show any satura-
tion#, we present some more common analytical formulas:
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lnS TSDW~`!

TSDW~H !
D 5S tc8vc

D 2FcS 122 i
vc

2pTSDW~H !
D

1cS 121 i
vc

2pTSDW~H !
D 22cS 12D G ,

~8!

wherec is the so-called psi function~see, for example, Ref.
45!:

c~x!52C2 (
k50

` S 1

k1x
2

1

11kD , ~9!

andC is Euler’s constant. Note that Eq.~8! is applicable for
the arbitrary magnetic fields in the experimentally interesting
case whentc8;TSDW(0). It is important that, for strong and
moderate magnetic fields@whenvc /pTSDW(0)>1#, Eq. ~8!
is significantly simplified:

lnS TSDW~`!

TSDW~H ! D5
4tc8

2

@pTSDW~H !#21vc
2 . ~10!

Using Eqs.~4! and~10!, we present the theoretical curve by
a thick solid line. The theoretical curve can reproduce
Ta2
t (H) well with use of reasonable parameters ofm1D and

tc8

IV. CONCLUSION

In this paper, we have reported both the temperature
and the magnetic field dependence of MR and torque
in the SDW phase of the organic conductora-(BEDT-
TTF)2KHg(SCN)4. The metal-SDW transition is thermody-
namically determined by using magnetic torque measure-
ments in the high-field region. This phase boundary is also
characterized by shallow minima of MR aroundT.10 K.

The metal-SDW transition is so broad that it is difficult to
define unique temperature of the phase transition. Although
the increase in onset temperature with increasing magnetic
field is in agreement with theoretical description, the tem-
perature defined by the midpoint of the broad transition
seems to be independent of magnetic field.

Below, we summarize some unsolved problems
regarding the magnetic phase diagram ofa-(BEDT-
TTF)2KHg(SCN)4: ~i! The nature ofTa1

MR(H) line still re-
mains unclear. Moreover the transition atTa1

MR(H) has been
observed only in transport properties such as MR, but not in
torque.~ii ! Are the magnetic properties in theM* phase still
AF-like or not? Note that dHvA and ADMRO effects dem-
onstrate that the reconstruction of FS is removed there.~iii ! It
is important to clarify the origin of the crossover line
Tp(H) since this line crosses the boundary between the
AF-III and M* phases. We speculate that it is somehow
related to the MB phenomenon across some gap which is
opened due to the appearance of SDW potential below
TSDW(H).

46 ~iv! The origin of hysteresis observed in MR
only inside theAF-II phase is not clear. According to the
present study, the possibility for the extrinsic origin of the
hysteresis due to the contamination of the metallic domain
by fast cooling the sample is excluded.
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