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Hall effect and magnetic viscosity phenomena ink-„BEDT-TTF …2Cu†N„CN…2‡X „X5Cl, Br …
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Hall effect studies have been performed in the compoundsk-~BEDT-TTF!2Cu@N~CN!2#X, whereX5Cl and
Br and BEDT-TTF is bis~ethylenedithio!tetrathiafulvalene, in the temperature range 100 to 10 K. Hall constant
has been found to be temperature independent in the Br salt down to 55 K and equal to1231028 m3/C. In
the Cl salt the Hall constant is equal to11.431027 m3/C at 100 K and increases on cooling down to 70 K
almost parallel to the resistance increase. Below;70 and;55 K in the Cl and Br, respectively, the magnetic
field change has been found to produce long-term sample resistance relaxation. The relaxation phenomena
change dramatically with temperature, reaching the maximum above magnetic ordering temperature in the Cl
salt at 30 K, and then sharply dropping in magnitude in the magnetically ordered state. A similar relaxation is
observed in the Br salt. These effects are considered to be due to the magnetic domain structure formation in
the antiferromagnetically ordered state. Essential changes of the domain wall dynamics, appearing in the Br
salt at 25 K, evidence the presence of the second magnetic transition in the Br salt, quite similar to the Cl salt.
By studying the anisotropy of the relaxation phenomena within highly conducting plane in the Cl compound it
is shown that domain walls are lying parallel to thea direction. A possible origin of the magnetic order in the
salts is discussed.@S0163-1829~97!03918-0#
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I. INTRODUCTION

k phases of the bis~ethylenedithio!tetrathiafulvalene~ab-
breviated BEDT-TTF hereafter! with pseudohalide anions o
general formula~BEDT-TTF!2Cu@N~CN!2#X, X5Cl and Br
~the compounds are denoted as Cl and Br, respectively
the following! are the subject of intensive studies in rece
years. At room temperature the salts possess an orthorh
bic crystal lattice, with the characteristic feature of a s
quence of alternating layers of BEDT-TTF molecules a
polymeric anions. BEDT-TTF molecules within the layer a
arranged in the nearly perpendicular dimers. This cry
structure of the materials, according to the band struc
calculations,1 has to lead to essentially the same meta
two-dimensional electronic structure for both salts. The c
culated band structure has been experimentally confirme
high pressures for the both Br2 and Cl.3,4 Nevertheless, a
ambient pressure the Br salt is a superconductor, while th
one is an insulator at low temperatures. Discovery of we
ferromagnetism~WF! in the Cl salt at 22 K5 at ambient pres-
sure, resulting in the coexistence of magnetism and su
conductivity in a definite pressure range and reentrant re
tance behavior,6,7 made it attractive to relate the lack o
superconductivity in the Cl salt with the formation of th
spin density wave~SDW!.8 Very recently, however, the role
of the SDW in the formation of the magnetically order
ground state has been questioned by NMR study result
the Cl salt9,10 suggesting the formation of the antiferroma
netically ~AF! ordered state due to the presence of stro
Mott-Hubbard-type correlations.
550163-1829/97/55~18!/12529~8!/$10.00
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Since Hall effect studies could determine the carrier d
sity and its temperature variation and thus could elucidate
properties of the respective phases, we carried out Hall ef
measurements in the salts. In the process of the work it
been found that the magnetic order is present in the sal
very high temperatures. Comparing the results of our rel
ation and Hall effect studies with those of the thermopow
thermal expansion, NMR, and electron spin resonance~ESR!
investigations in the salts, we have come to the conclus
that the AF transitions with magnetic domains formati
proceed in the salts at temperatures as high as at least 70
55 K in Cl and Br salts, respectively. It is shown, that t
magnetic transition at nearly 25 K, known well for the C
salt,5 is present in the Br salt as well.

II. EXPERIMENT

Single crystals of the compounds were grown by elect
chemical oxidation of BEDT-TTF molecules.11 Rhombic
shaped single crystals were selected for Hall effect stud
Typical sample dimensions were 1.53230.1 mm3. The
longer and shorter rhombus diagonals corresponded to
crystallographica- andc-axes, respectively.

Electrical contacts to the sample surface were made w
Dotite carbon paint. Contact resistance was in the range
20 to 50V. The measurements were performed at the
with current flow direction reversal. No electrical polariz
tion phenomena were observed. From the time of the co
12 529 © 1997 The American Physical Society



th
a
su
.
su
e
ab
in

b
d

le
p
ng
c

ar
ist
ns
ts
fie
i
,

th

h
r,

a
he

e
u
o
re
en
tio
-
an
—
er
ge

f
li
an
he
0

c-

Cl
e
the
is
re,
We

in

p
to

ion-

l ef-
Br
at
pe

tion-
ur-
t
re-

zero
the

a

12 530 55TANATAR, ISHIGURO, ITO, KUBOTA, AND SAITO
plete voltage relaxation during current direction reversal,
setup time constant was found as 3 sec. This resulted in
sec measuring time per point, as an average of the mea
ments during 5 sec for each current direction was used
carbon glass resistor was used for the temperature mea
ments in the magnetic field. As all the measurements w
performed without field sweep, the temperature was st
lized with an accuracy of better than 0.01 K, resulting
reproducible sample resistance values within at least 1024 or
better, depending on temperature.

The Hall voltage was measured with the usual five pro
technique. For both Cl and Br samples the current flow
rection corresponded commonly to thea axis, and the Hall
voltage was measured nearly along thec axis. For the Cl
samples we have succeeded also in arranging the samp
such a way that current was flowing along the short sam
diagonal~c axis! and the Hall voltage was measured alo
the a axis. ~We refer to these configurations hereafter a
cording to the current flow direction as thea- and c-axis
cases, respectively.! As the shape of the samples was f
from that necessary to obtain a homogeneous current d
bution, an essential admixture of the signal from the tra
verse direction was always present in these measuremen
the process of the Hall effect measurements magnetic
direction reversal was performed by rotating the sample
the magnetic field of the superconducting solenoid of 10 T
not specified specially. The Hall voltageVH was obtained as
averaged for two contact pairs voltage difference for
positive (n1) and negative (n2) directions of the magnetic
field. The Hall constant was defined asRH5VHd/IB, where
d is the sample thickness,I is the electrical current throug
the sample, andB is the magnetic-field induction. Howeve
commonly the Hall resistance was presented asRxy5VH /I .
In the process of sample rotation, the magnetic field w
normal to the current flow direction and was inclined in t
b-c plane in the case of thea-axis, anda-b plane in that of
the c-axis. Typically 180° rotation lasted for 10 sec and r
sulted in the loss of 1 experimental point. This techniq
gave rather reproducible results at high temperatures, c
ciding well with those obtained by the field sweep procedu

Relaxation was studied by measuring the time dep
dence of the sample resistance. The first point after rota
completed was defined asR(t50). The shape of the tran
sient was analyzed by extracting the steady state resist
value Rrlx . Two values were obtained and presented
resistance change during steady state establishments aft
rotationR(t,T)2Rrlx(T) and normalized resistance chan
@R(t,T)2Rrlx(T)#/Rrlx(T).

III. EXPERIMENTAL RESULTS

A. Resistance and Hall effect

Figure 1 shows Arrhenius plots of the resistanceRxx and
Hall effect resistanceRxy for the two in-plane directions o
the Cl samples below 100 K. Resistance increases on coo
from room temperature down to 70 K with a nearly const
activation temperature of 70 to 80 K. On further cooling t
slope increases, reaching a maximum value of 200 to 25
at about 35 K, and then tending to zero.

The Hall effect signal is positive for both in plane dire
tions and its value at 100 K for the better defineda-axis is
e
13
re-
A
re-
re
i-

e
i-

in
le

-

ri-
-
. In
ld
n
if

e

s

-
e
in-
.
-
n

ce

the

ng
t

K

11.431027 m3/C. The temperature dependence ofRxy fol-
lows in general that of the resistance in both directions in
salt until 70 K.12 A transient behavior was observed in th
resistance below 70 K, when the sample was rotated in
magnetic field, interfering strongly Hall effect signal. In th
situation Hall signal becomes time dependent. Therefo
only the signal in the totally relaxed state was measured.
call this signal the quasistationary Hall effect~QSHE!. The
temperature region of this effect is marked by shadowing
the figures. In the Cl salt for thec-axis QSHE,Rxy in general
follows Rxx , while for thea axis it shows a rather strong di
in the region of 30 K, and then increases again. Contrary
the thermopower results in the same salts,13 no sign change
was observed neither in the stationary nor in the quasistat
ary Hall effect.

Temperature dependences of the resistance and Hal
fect, both normal and quasistationary below 55 K for the
salt are shown in Fig. 2.Rxx shows a broad peak centered
;80 K, followed by a rapid resistance decrease with a slo

FIG. 1. Temperature dependences of the resistance and sta
ary and quasistationary Hall effects in the Cl salt for electrical c
rent flowing along thea andc axes. The quasistationary Hall effec
temperature interval is marked. Note the right scale shift with
spect to the left one. The lines are guides for the eye.

FIG. 2. Temperature dependence of the resistance in the
magnetic field and stationary and quasistationary Hall effects in
Br salt for electrical current flowing along thea axis. The quasis-
tationary Hall effect temperature interval is marked. The line is
guide for the eye.
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55 12 531HALL EFFECT AND MAGNETIC VISCOSITY . . .
change at;50 K and a superconducting transition witho
field. The Hall constant is positive and its valu
~1231028 m3/C at 100 K! remains practically unchange
down to 55 K. On entering the QSHE region, marked w
shadowing in Fig. 2, the Hall constant starts to increa
showing a rapid drop at 35 K and an increases on coo
below 25 K.

B. Magnetic relaxation phenomena

As already mentioned, on cooling below 70 and 55 K
Cl and Br salts, respectively, sample resistance shows
term relaxation. Some characteristic transient behaviors
the a- and c-axis cases of the Cl samples and their dep
dence of temperature and magnetic field are shown in Fig
For the Br samples the curves are basically the same.
very hard to state definitely the temperature where the re
ation phenomena start, since they appear as rather sma
sistance transients. Therefore the onset temperatures o
and 55 K may be considered as lower bound.

The characteristic features of the relaxation phenom
are summarized as follows.

~1! The relaxation is more evident in the Hall configur
tion, though its magnitude in the signal from potential prob
can amount up to 50% of the Hall one.

~2! The relaxation phenomena are the same for both
current directions.

~3! The appearance of the transient in the sample is
companied commonly by the changes of the voltage dis
bution. Namely, upon cooling through temperatures of
and 55 K in the Cl and Br samples, the ratio of the voltag
between Hall probe and two potential probes changes in
irregular way, evidencing current distribution change. The
fore we discuss hereafter the transient behavior only
Rxx , notRxy .

~4! Voltage redistribution is observed without magne
field as well.

~5! The relaxation appears irrespective of the field cycl
procedure, both when the field is changed from the direc
of n1 to n2 through the field-in-plane~0! position, and from
n1 to 0 and then back ton1. In the case of the magneti
field change from eithern1 or n2 to 0, the magnitude of the
transient is approximately a half of that for the full cycl
though more exact estimation was difficult due to a differ
magnetoresistance in two field orientations.

FIG. 3. Resistance transient curves for the Cl salt.
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~6! There is an accumulation of the effect, that is,
performing the cycle quickly several times, a larger resist
ity change has been found, though the relaxation from
heavily distorted state comes in a more complex way a
does not follow exponential decay, typical for the pheno
enon at high temperatures. After several cycling procedu
theRxx decrease was as large as 30% in the Cl salt at 36

~7! There is an essential difference of the relaxation p
nomena in the samples having metallic resistance temp
ture dependences and those with activation temperature
pendence. For the Br salt, the resistance after the cycle
increases and then decreases during relaxation, while fo
Cl salt it decreases just after field cycle and then increase
the steady state value, coming sometimes through the m
mum.

The shape of the relaxation curveDR(t)5R(t)2Rrlx de-
pends on temperature. At high temperatures, close to
transient appearance, the curves are well approximated
the exponential decay, both for the Cl~especially for the
a-axis case! and the Br salts, and can be described by
formula DR(t)5Af exp(2t/tf). However, deviations from
the exponential decrease are seen upon cooling, and
shape of the curve cannot be described neither by the su
these two exponents, nor by a sum of common and expan
exponent.14 In this case we approximated the initial dec
with an exponent, subtracted this exponent from the sig
and presented the magnitude and characteristic decrease
of the residue. So the transient was presented asDR(t)
5Af exp(2t/tf)1Asf(2t/ts), and ts corresponds to the
e-times decrease of the residue functionf (2t/ts). The tem-
perature dependences of the respective signals, namelyAf
and t f of the exponential part and those~As and ts! of the
residue, are presented in Figs. 4–6 for thea-axis and
c-axis cases in the Cl and thea-axis case in the Br salts. It is
worth noting that the transient shape is principally differe
for thea- andc-axis cases in the Cl salt. For thea-axis case
the magnitude of the slow component is essentially sma
than that for the fast, and it vanishes at temperatures be
30 K. For thec-axis case the magnitudes of the fast and sl
components are nearly the same. As long as there e

FIG. 4. The temperature dependences of the resistance tran
parametersAf ,t f ,As ,ts in the Cl salt, for electrical current flowing
along thea axis. The resistance temperature dependence is sh
for reference. The lines are guides for the eye.
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12 532 55TANATAR, ISHIGURO, ITO, KUBOTA, AND SAITO
strong mixing for both directions, it can be, in principl
thought that the slow component is absent in
a-direction.

Magnetic field dependences of the transient parame
for the Br salt are depicted in Fig. 7. For the Cl salt t
dependences are basically the same, and are shown on
the c-axis case~Fig. 8!. Magnetoresistance is positive in a
the salts and is not very large. The magnitude of the
resistance transients increases nearly linearly with the m
netic field, while that for the slow transient is nearly propo
tional to the second power of the field. The relaxation tim
decreases slightly with the magnetic field. Quasistation
Hall resistance is nearly proportional to the field.

IV. DISCUSSION

A. The Hall effect and magnetic viscosity phenomena

The Hall effect data for the Cl salt, withRxy going in
parallel toRxx , show the presence of the real gap in t
compound’s electronic spectrum. It is interesting, howev
that the signs of the Hall effect and thermopower are diff
ent: below 70 K the thermopower is negative for both

FIG. 5. The temperature dependences of the resistance tran
parametersAf ,t f ,As ,ts in the Cl salt, for electrical current flowing
along thec axis. The resistance temperature dependence is sh
for reference. The lines are guides for the eye.

FIG. 6. Temperature dependences of the resistance transien
rametersA andt in the Br salt. The resistance temperature dep
dence is shown for reference. The lines are guides for the eye
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plane directions. Then the negative sign of the thermopo
may be magnetic in origin, that explains well its large sen
tivity to the magnetic field.15 It is worth noting, that the Hall
constant value for the Br salt is temperature independ
with a rather large value, which may be evidence of a l
hole density (331020 cm23) even in the metallic state. A
temperatures below 25 K the behavior of the Hall const
resembles strongly that ofa-~BEDT-TTE!2MHg~SCN!4 be-
low the SDW phase transition.16,17

It is evident that the relaxation of the resistance is due
the magnetic relaxation in the salts. Since the emergenc
the relaxation is accompanied by an essential redistribu
of the voltage along the sample lengths~3! and~4!, it may be
concluded that the sample becomes inhomogeneous ev
the absence of magnetic field. Then the effect of the m
netic field is to change this inhomogeneity. This situati
clearly evidences the formation of magnetic domains in
sample. The accumulation of the effect~6! and the lack of its
dependence on the magnetic field cycle~5! allow us to state
that essential sample resistance changes take place in
domain wall region, and there is some aftereffect of the
citation. Interrelation of the relaxation phenomena of t

ent

n

pa-
-

FIG. 7. Magnetic field dependences of the resistance trans
parametersA andt andRrlx in the Br salt.

FIG. 8. Magnetic field dependences of the resistance trans
amplitudes (Af ,As), resistance in the position when the magne
field is lying in the highly conducting plane (R0), Rrlx , and the
quasistationary Hall resistanceRxyQSHE in the Cl salt’sc axis.
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55 12 533HALL EFFECT AND MAGNETIC VISCOSITY . . .
type of the sample resistance temperature dependenc~7!
shows that some defects are formed in the domain wall
gion, resulting in a resistance decrease for insulating c
pounds and a resistance increase for metallic compound

It is commonly accepted that magnetic viscosity pheno
ena are due to some slow processes in the lattice. For
ferromagnetic compounds, these are known to be the d
sion of the atomic species and the nucleation of new pha
in the boundary region, and for the ferrites recharging of
ions.18 If the first and third processes are unlikely to be t
case in the compounds under consideration, nucleation o
new phases seems very plausible in view of the numer
evidences for the presence of the metastable phases in
salts, resulting in thermal history phenomena.19,20The relax-
ation times also have rather common values for these s
processes. Evidently, however, that relaxation of the mag
tization commonly does not follow an exponential curv
The presence of exponential decay in the resistance ma
recognized then as a result of a small deviation of the re
tance in the domain wall area compared to that of dom
volume.

It should be noted, that magnetic hysteresis phenom
evidencing formation of the magnetic domains, were o
served earlier in somea-~BEDT-TTE!2MHg~SCN!4 salts in
the magnetic field above nearly 8 T.21–24 The established
appearance of the phase inhomogeneity in this case21 may
correspond to the prediction of the theory for the inhomo
neous phase formation in the fields, close to the spin-
transition.25,26 Observation of the magnetic viscosity ph
nomena with possible second phase formation in the c
pounds under study at essentially lower fields can then im
that the magnetic state is much less stable in thek phases
with respect to thea phases.

The pronounced anisotropy of the effect within the co
ducting plane is noteworthy. As is evident, the transient
havior is essentially different for thea andc directions in the
Cl salt. Since the resistance change is related to def
formed in the vicinity of domain wall, it may be conclude
that electrical current, when flowing in thec direction, has to
cross defected areas much more frequently. This means
the domain walls run preferably along thea direction.
Namely the anisotropy of the domain walls can be resp
sible for an essential QSHE voltage drop in thea-axis case,
due to the formation of the current lines that do not reach
contacts.

B. Temperature dependence of magnetic viscosity phenomena

With regard to the temperature dependence of the m
netic viscosity phenomena, two special points are eviden
the temperature interval studied for each compound: 70
25 K in the Cl, and 55 and 25 K in the Br salts. In regards
the higher temperature points, we have mentioned above
they correspond to the domain structure formation at
magnetic phase transition, most probably the AF one.
will check whether this statement finds some support in
results obtained with other techniques. In the Cl salt a v
strong anomaly is observed in the temperature dependen
the lattice expansion just at 70 K, evidencing second or
phase transition in the salt.18 This transition is reflected in the
electronic properties of the salts as the thermopower s
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changes from positive to negative, and the thermopo
slope changes.12,13 At nearly the same temperature a rath
strong ESR spin susceptibility decrease is observed;11,27 as-
signed to the one-dimensional magnetic fluctuations,27 and
on further cooling the magnetic field dependence of the th
mopower appears15 at nearly 55 K. Both the NMR line width
and the static magnetic susceptibility show decreases sta
from this temperature as well.9,10 All these anomalies were
assigned to the magnetic fluctuations, not the magnetic t
sition, though it has been supposed that magnetic order
be induced by the field, at least for the pressure of 1 kba28

Clearly, however, that magnetic domain formation can
be typical for the magnetic fluctuation region, as the doma
are formed only at the Ne´el temperature for the AF transitio
or the Curie temperature for the ferromagnetic one.29 Thus, it
may be stated that the real AF phase transition takes plac
the Cl salt at nearly 70 K.

In the Br salt, numerous anomalies are observed at aro
50 K as well. There exists an essential decrease of the E
magnetic susceptibility,30 NMR line shift, and width
change31–33 and the thermopower and resistance anisotro
temperature dependences show some anomalies,34,35 though
not so definite as in the Cl salt.12,13However, static magnetic
susceptibility starts to decrease at nearly 70 K,10 and there
are some problems with the relation of this transition w
lattice anomalies. The lattice expansion anomaly in the
salt, similar to the 70 K anomaly in the Cl salt we have ju
related with the AF phase transition, is shifted to 80
though the magnetic anomalies are shifted down to nearly
K. We would like to note, however, that the anomalies
different crystallographic directions at 80 K cancel ea
other, and that the volume expansion anomaly is indeed
served at 50 K.36 This allows us to support our conclusio
about real AF ordering in the Br salt as well.

The magnitude of the transient reaches a maximum at
temperature of 30 K both in Cl and Br, and drops on furth
cooling. The magnetic properties of the Cl salt are well
tablished, so it is easy to ascribe essential changes in
character of magnetic relaxation phenomena to the w
documented magnetic phase transition to the thr
dimensionally ordered AF state with WF.5,9 The increase of
the relaxation rate in this case should be due to the app
ance of an uncompensated moment in the magnetic la
upon WF transition, leading to an essential acceleration
the domain wall movement in the magnetic field.29 It is most
interesting, however, that the transient magnitude drop is
served in the Br salt at the same temperature. This cle
shows that the underlying magnetically ordered state
present in the Br salt. The conclusion about the phase t
sition in this temperature range was made previously in
course of thermal expansion studies,36 and its magnetic ori-
gin finds support in the NMR results33 and our observation o
the Hall constant behavior.

Thus, summarizing the experimental observations of m
netic viscosity phenomena for the Cl salt, we can state t

~1! The phase transition to the AF ordered state ta
place at nearly 70 K.

~2! The transformation of the magnetic structure at 25
transition to three-dimensional AF state with WF is revea
as a sharp relaxation magnitude drop. It is not clear, whe
the beginning of this drop at nearly 30 K can be related to
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12 534 55TANATAR, ISHIGURO, ITO, KUBOTA, AND SAITO
fluctuations above the transition itself, or whether they
the manifestation of one more phase transition, as
supposed.6,37

~3! No special features are found that accompany the 4
metal to insulator transition.

~4! Magnetic~AF! domains are formed at the AF trans
tion at 70 K, and their walls are running along thea direc-
tion.

In regards to the Br salt, we observe that~1! AF ordering
takes place at nearly 50 K and~2! the magnetic phase tran
sition proceeds at 25 K, just as in the Cl salt, confirming
results of the lattice thermal expansion studies36 and impli-
cations from the NMR33 and specific-heat38 studies, and
probably to the three-dimensionally AF ordered state.

Some of these findings are worthy of special attenti
The results regarding the Br salt show that the AF stat
compatible with the metallic state. Besides, it was previou
shown from the anisotropy of the magnetic susceptibility
the Cl compound, that the easy axis corresponds to the
rection of the normal to the conducting plane.9,27 The direc-
tion of the domain wall within the conducting plane then
determined by the higher order magnetic anisotropy c
stants~K4 or K6!.

29 As these constants are not as large
K2 and the spin-flop transition, determined mainly by t
K2 value, at low temperature proceeds in the field of
T,9,27 it is believed that the direction of the magnetic doma
walls within the conducting plane should not be ve
strongly fixed. Rather strong anisotropy of the relaxat
phenomena may then evidence that the anisotropy of de
in the crystal is responsible for the preferential stabilizat
of the domain wall, running along thea axis. Based on the
direction of the normal to the domain wall that correspon
to the direction of the normal to the open sheets of
compounds Fermi surface~FS!, an essential contribution
from the electronic energy to the stabilization of th
structure can be thought of, just as is the case
~BEDT-TTF!2Cu~SCN!2 at high temperatures.39

C. Possible origin of the magnetic state in the salts

As possible origins of the magnetism in the salts, the f
lowing three can be considered:~1! the presence of the
strong Mott-Hubbard correlations,~2! the existence and
magnetic ordering of some magnetic moments that are
trinsic to the highly conducting BEDT-TTF layers, name
Cu21 ions in the anion layer, and~3! the formation of the
SDW. There is a general belief, that Mott-Hubbard-type c
relations are responsible for the magnetic properties of th
compounds.9,40 Finding that the metallic phase shows A
order in the Br salt seems to support this idea. We would
to note, however, the striking similarity of the 25 K trans
tion temperature in the metallic Br and insulating Cl sa
despite the fact that, according to the calculation,40 in order
to obtain insulating and metallic states rather different val
of the transfer integrals are necessary, so different temp
tures of the phase transitions could be anticipated. The o
point, that is hard to explain in this model, is the direction
the domain walls, appearing in the compounds.

As far as the phase transitions looking as something in
pendent of the compound’s electrical conductivity, it is
tractive to relate them with some process that is not relate
e
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the conducting layer; say, the ordering of copper Cu21 mag-
netic moments within the anion layer. A close relation b
tween the temperatures of transport property anomalies
those of the distances within the anion layer was revealed
Doi et al.41 In this picture the slow dynamics of the doma
walls could find an explanation in slow Cu1 to Cu21 re-
charging processes. However, according to the band st
ture calculation,1 the Cu level lies rather far from the Ferm
energy to take part in the charge transfer in the salt. Suc
of the Fermi surface reconstruction showing the FS volu
close to that calculated also makes Cu21 formation unlikely.

SDW is an established mechanism for magnetic state
mation in the low-dimensional compounds. However, its r
in the formation of the magnetically ordered state in the s
under study has been questioned on the basis of two ex
mental observations.9 ~1! The commensurability of the mag
netic distortion with the lattice is unlikely to meet the be
nesting vector for the calculated FS; besides, it was arg
that the curvature of the FS is rather large to lead to a la
electronic energy decrease upon transition.~2! Rather large
magnetic moments of 0.4 to 1mB , compared with the con-
ventional SDW conductor~TMTSeF!2PF6.
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We show, now, that at least~1! is not strictly controversial
with the SDW picture in the salts. First of all, it is we
established, that the incommensurate structural modula
in the one-dimensional conductors can be transformed in
commensurate one according to the McMillan mechanism43

The basic idea of the latter is the following. If the best ne
ing vector in thek spaceQss52kf , wherekf is the Fermi
wave vector, is incommensurate with the lattice, nesting c
ditions can be fulfilled by transforming the incommensura
distortion into a periodic domain structure, so that the sup
structure becomes commensurate within each domain. In
case the wave vectors of the incommensurate and comm
surate density wavesQss andQdw , respectively, and that o
the periodic domain structureQdomain, fulfill the relation
Qss5Qdw6Qdomain. As a result, some charge within the la
tice is redistributed, and it is either the enriching the dom
wall (Qdw,Qss), or exhausting it (Qdw.Qss), and thus a
charged domain wall~soliton! is formed. In the system unde
consideration, this can lead to the periodic domain struct
with the wave vector normal to the FS open sheets, tha
along thec axis, with the walls running along thea axis, in
accordance with our finding.

We would like to note, besides, that other possibiliti
exist in the systems under study to adopt the commensu
structure. These come from the mixed-dimensional topolo
of the compound’s FS, comprising open FS sheets, res
bling those of the one-dimensional~1D! conductors and
closed cylinders, representing the two-dimensional~2D! part
and formed due to the appearance of the gaps in the dis
sion curves at the Brillouin zone~BZ! boundaries.

The presence of the 2D cylinder can modify the stand
charge or SDW transition picture. First of all, the presence
large amounts of free carriers that are not subjected to
metal-insulator transition screens effectively all the char
in the lattice, thus making the situation favor the SDW w
respect to the charge density wave formation. Secondly,
cording to the theory of magnetic polarons,44 in the AF or-
dered background~typical of the SDW! it is energetically
favorable to form quasiparticles, imbedded in the regions
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the ferromagnetic order as their energy is reduced. When
number of these quasiparticles exceeds some thresh
phase separation can occur in the material, resulting in
formation of an insulating AF phase and a conducting fer
magnetic phase. Thus, the presence of the carriers on th
cylinders can lead to phase separation in the materials
preferential accumulation of the carriers in the domain w
region. There is, however, one more essential differenc
the SDW in mixed-dimensional systems. In the 1D syst
the only condition for the SDW formation is that nestin
must occur in a large enough part of the FS. In the syste
under study, if SDW leads to the opening of the rather la
gap compared to the very small gap at the BZ boundar3,4

essential Fermi surface shape changes may result, as
may be redistribution of the carriers between the two she
Say, if we take the temperature of the SDW formation of
K and, as is common, assume a BCS-like relation betw
the critical temperature and the gapDSDW/Tc;3.5, we come
to a superstructure gap value of the order of 180 K that
essentially larger than the energy gap at the BZ, of the o
of 16 K from magnetic breakdown field in the Shubnikov-
Haas effect studies.4 Thus, the formation of the superstru
ture at the wave vectorQ ~Fig. 9! reduces the energy of th
states, lying between the initial FS and the new BZ bou
ary, essentially larger than the gap at the initial BZ bounda
This makes it energetically favorable for the carriers fro
the hole pockets to occupy the states in the first BZ, lead
to the decrease of the volume of the hole part of the FS.
most interesting, however, that the largest reduction of
total electron energy can result from the superstructu
which does not fulfill the criterion of best nesting 2kF wave
number, but its wave number can be defined from the c
dition of the total electronic energy minimum for this ne
state. Then the system may first adopt distortion, defined
the initial FS nesting conditions, and then suffer a seque
of transitions to the states with lower electron energy.

In this picture it may be clear why the Br salt does n
suffer transition to the insulating state: its Fermi surface
already strongly reconstructed by the superstructure, form
at 200 K,45 making this essential energy gain impossible d
to the redistribution effect.

The value of the magnetic moment within the WF ma
netically ordered state is, however, the principal difficulty f
the SDW picture. It can be thought that the redistributi
effect, mentioned above, could result in the charge sep

FIG. 9. Fermi surface of the compounds~a! and the proposed
Fermi surface transformation upon superstructure formation
wave vectorQ ~b!. Because the gap at the Brillouin zone bounda
DBZ is very small, much less than the superstructure gapDSDW, an
essential redistribution of the carriers is expected between the
Fermi surface sheets.
he
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tion between inequivalent dimers, and thus could lead
larger moments in the magnetically ordered state, though
statements needs further verification.

Of course, at present it is simply impossible to decid
which of the magnetic ordering schemes works as there
no direct determinations of the compound’s magnetic str
ture. However, we would like to note that the situation w
the SDW is too far from being clear to consider it total
unapplicable. It explains naturally the phase separation in
salts, the evidence for which can be supposed from both
pronounced magnetic field induced aging effects revealed
Sushkoet al.46 and these experiments. The direction of t
domain walls finds a quite natural explanation in the SD
picture, as well as strongly different properties of the dom
wall with respect to the domain volume.

It is noteworthy that as a lot of the anomalies are obser
at nearly the same temperatures in otherk-phase
salts of BEDT-TTF, it is tentative to suppose the presen
of the real magnetic transitions in the other salts to
Very recently we observed magnetic viscosity ph
nomena in the ~BEDT-TTF!2Cu@N~CN!2#I and some
~BEDT-TTF!2Cu@N~CN!2#ClBr alloy samples as well.
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V. CONCLUSION

Hall effect studies ink-~BEDT-TTF!2Cu@N~CN!2#Cl have
shown the presence of a real gap in the electronic spectr
the compounds. The Hall constant was found to be temp
ture independent in the Br salt with a value of12
31028 m3/C down to 55 K.

The phase transition to the AF ordered state was foun
proceed at temperatures as high as 70 and 55 K in Cl an
salts, respectively. This transition was shown to lead to m
netic viscosity phenomena in the samples. From the ani
ropy of these phenomena in the highly conducting plane
the Cl crystals, the domain wall direction was found to c
incide with thea axis.

Temperature dependences of the magnetic relaxation
rameters indicate that the magnetic structures of metallic
and insulating Cl salts are similar. In particular, the appe
ance of the magnetically ordered state is observed in the
salt at nearly 25 K, being consistent with earlier observatio
of the phase transition in the compound.

Based on the direction of the domain wall periodicity co
responding to the direction of the open sheets of the co
pounds Fermi surface, the SDW mechanism of the magn
state formation is reexamined. It is shown that the comm
surability of the magnetic structure with the lattice does n
contradict the SDW picture.
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