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Hall effect and magnetic viscosity phenomena ine-(BEDT-TTF ),Cu[N(CN),]X (X=ClI, Br)
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Hall effect studies have been performed in the compour@EDT-TTF),CUN(CN),]X, whereX=Cl and
Br and BEDT-TTF is bigethylenedithigtetrathiafulvalene, 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 eegi&ktb0 & m%C. In
the Cl salt the Hall constant is equal #1.4X 10”7 m®/C at 100 K and increases on cooling down to 70 K
almost parallel to the resistance increase. Betowd 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 thelirection. A possible origin of the magnetic order in the
salts is discussediS0163-1827)03918-0

[. INTRODUCTION Since Hall effect studies could determine the carrier den-
sity and its temperature variation and thus could elucidate the
k phases of the bisthylenedithigtetrathiafulvalengab-  properties of the respective phases, we carried out Hall effect
breviated BEDT-TTF hereaftewith pseudohalide anions of measurements in the salts. In the process of the work it has
general formulaBEDT-TTF),CUN(CN),]X, X=Cl and Br  peen found that the magnetic order is present in the salts at
(the compounds are denoted as Cl and Br, respectively, ilgry high temperatures. Comparing the results of our relax-
the following are the subject of intensive studies in recent,.. o and Hall effect studies with those of the thermopower,
years. At room temperature the salts possess an orthorhom- : .
ermal expansion, NMR, and electron spin resondB&R

bic crystal lattice, with the characteristic feature of a se- o . :
quence of alternating layers of BEDT-TTF molecules andnvestigations in the salts, we have come to the conclusion

polymeric anions. BEDT-TTF molecules within the layer arethat the AF transitions with magnetic domains formation
arranged in the nearly perpendicular dimers. This crystaProceed in the salts at temperatures as high as at least 70 and
structure of the materials, according to the band structur®5 K in Cl and Br salts, respectively. It is shown, that the
calculations: has to lead to essentially the same metallicmagnetic transition at nearly 25 K, known well for the Cl
two-dimensional electronic structure for both salts. The calsalt? is present in the Br salt as well.

culated band structure has been experimentally confirmed at

high pressures for the both Band CI3* Nevertheless, at

ambient pressure the Br salt is a superconductor, while the ClI Il. EXPERIMENT
one is an insulator at low temperatures. Discovery of weak
ferromagnetisniWF) in the Cl salt at 22 K at ambient pres- Single crystals of the compounds were grown by electro-

sure, resulting in the coexistence of magnetism and supechemical oxidation of BEDT-TTF moleculé$. Rhombic
conductivity in a definite pressure range and reentrant resishaped single crystals were selected for Hall effect studies.
tance behavio; made it attractive to relate the lack of Typical sample dimensions were X2x0.1 mn?. The
superconductivity in the CI salt with the formation of the longer and shorter rhombus diagonals corresponded to the
spin density wavéSDW).2 Very recently, however, the role crystallographica- andc-axes, respectively.

of the SDW in the formation of the magnetically ordered Electrical contacts to the sample surface were made with
ground state has been questioned by NMR study results iDotite carbon paint. Contact resistance was in the range of
the Cl sal?"1° suggesting the formation of the antiferromag- 20 to 50). The measurements were performed at the dc,
netically (AF) ordered state due to the presence of strongvith current flow direction reversal. No electrical polariza-
Mott-Hubbard-type correlations. tion phenomena were observed. From the time of the com-
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plete voltage relaxation during current direction reversal, the :
setup time constant was found as 3 sec. This resulted in a 13 : R

f . . - b Cl salt o Xy —> =
sec measuring time per point, as an average of the measure- € - -0 T0o 5 £
ments during 5 sec for each current direction was used. A S 10 e (po0000000 22 8° € 10 %
carbon glass resistor was used for the temperature measure- ' : X
ments in the magnetic field. As all the measurements were
performed without field sweep, the temperature was stabi-
lized with an accuracy of better than 0.01 K, resulting in
reproducible sample resistance values within at least b®
better, depending on temperature.

The Hall voltage was measured with the usual five probe
technique. For both Cl and Br samples the current flow di-
rection corresponded commonly to theaxis, and the Hall
voltage was measured nearly along thexis. For the ClI 1000/T (1/K)
samples we have succeeded also in arranging the sample in
such a way that current was flowing along the short sample F|G. 1. Temperature dependences of the resistance and station-
diagonal(c axis) and the Hall voltage was measured alongary and quasistationary Hall effects in the Cl salt for electrical cur-
the a axis. (We refer to these configurations hereafter ac-rent flowing along the andc axes. The quasistationary Hall effect
cording to the current flow direction as tlee and c-axis temperature interval is marked. Note the right scale shift with re-
cases, respectivelyAs the shape of the samples was far spect to the left one. The lines are guides for the eye.
from that necessary to obtain a homogeneous current distri-

bution, an essential admixture of the signal from the trans-+1.4>< 10" m¥C. The temperature dependenceRy, fol-

;/ﬁésergggg;lo;} \;\;]aes EZ\I/F Z;ggfﬁg;g:g;sfnge;zurﬁginftizlgﬂws in general that of the resistance in both directions in Cl
P 9 alt until 70 K2 A transient behavior was observed in the

direction reversal was performed by rotating the sample Nesistance below 70 K, when the sample was rotated in the

the magnetic field of the superconducting solenoid of 10T, Imagnetic field, interfering strongly Hall effect signal. In this

not specified specially. The Hall voltagg, was obtained as situation Hall signal becomes time dependent. Therefore,

ave_rgged J‘_or two_contact p_alrs_volt_age difference for.theonly the signal in the totally relaxed state was measured. We
positive (0™) and negativerf~) directions of the magnetic

. X = call this signal the quasistationary Hall effdQSHE). The
f'e.ld' The Hall constant was defined Rﬁ_VHd“B’ where temperature region of this effect is marked by shadowing in
d is the sample thickness,is the electrical current through

: RN . the figures. In the Cl salt for the-axis QSHE in general
the sample, an® is the magnetic-field induction. However g Q Rying

v the Hall resist teRas=\.. /| ' follows R, while for thea axis it shows a rather strong dip
commonly the Hall resistance was presenteogs= vy, /1. in the region of 30 K, and then increases again. Contrary to
In the process of sample rotation, the magnetic field wa

S - . the thermopower results in the same s8ltsp sign change
normal to Fhe current flow dweg:uon and was mqhned n thewas observed neither in the stationary nor in the quasistation-
b-c plan_e in thgz case of thahax_ls, anda-b plane in that of ary Hall effect.

the c-axis. Typically 180° rotation lasted for 10 sec and re- “tomperature dependences of the resistance and Hall ef-
sulted in the loss of 1 experimental point. This techniquég s 1oth normal and quasistationary below 55 K for the Br

gave rather reproducible results at high temperatures, coirg—a“t are shown in Fig. R,, shows a broad peak centered at
ciding well with those obtained by the field sweep procedure, xx

. ; . ! ~80 K, followed by a rapid resistance decrease with a slope
Relaxation was studied by measuring the time depen-
dence of the sample resistance. The first point after rotation

completed was defined &(t=0). The shape of the tran- P
sient was analyzed by extracting the steady state resistance I Br, a-axis

value R,,. Two values were obtained and presented—
resistance change during steady state establishments after the
rotation R(t,T) — R, x(T) and normalized resistance change

[R(t,T) = Rk (T) J/ R (T).

104; T T T T 103

Ill. EXPERIMENTAL RESULTS

R(T)/R(100K)

A. Resistance and Hall effect

Y

Figure 1 shows Arrhenius plots of the resistaftg and ]
Hall effect resistanc&,, for the two in-plane directions of L = . . 0
the Cl samples below 100 K. Resistance increases on cooling 0 20Tem4p0eratl?r(<)a (K)80 100
from room temperature down to 70 K with a nearly constant
activation temperature of 70 to 80 K. On further cooling the  FiG. 2. Temperature dependence of the resistance in the zero
slope increases, reaching a maximum value of 200 to 250 nagnetic field and stationary and quasistationary Hall effects in the
at about 35 K, and then tending to zero. . Br salt for electrical current flowing along theaxis. The quasis-
The Hall effect signal is positive for both in plane direc- tationary Hall effect temperature interval is marked. The line is a
tions and its value at 100 K for the better defiree@ixis is  guide for the eye.
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FIG. 3. Resistance transient curves for the Cl salt. FIG. 4. The temperature dependences of the resistance transient

parameterd\; , s ,Aq, 7 in the ClI salt, for electrical current flowing
change at~50 K and a superconducting transition without along thea axis. The resistance temperature dependence is shown
field. The Hall constant is positive and its value for reference. The lines are guides for the eye.
(+2x10"8 m¥C at 100 K remains practically unchanged
down to 55 .K' Qn entering the QSHE region, mar|_<ed with (6) There is an accumulation of the effect, that is, by
:Eg\?v?r\:\gns? rgpizlgdrci,) g][e:;?i” aCr? dnigr};;?;feéoo'nniroe;isfﬁerforming the cycle quickly several times, a larger resistiv-
below 25 K y changg has been found, thqugh the relaxation from this
' heavily distorted state comes in a more complex way and

does not follow exponential decay, typical for the phenom-
enon at high temperatures. After several cycling procedures

As already mentioned, on cooling below 70 and 55 K inthe R, decrease was as large as 30% in the Cl salt at 36 K.
Cl and Br salts, respectively, sample resistance shows long (7) There is an essential difference of the relaxation phe-
term relaxation.. Some characteristic transient behgviors fokomena in the samples having metallic resistance tempera-
the a- and c-axis cases of the Cl samples and their depeny,re dependences and those with activation temperature de-
dence of temperature and magnetic field are shown in Fig. $,onqence. For the Br salt, the resistance after the cycle first
For the Br samples the curves are basically the same. It hcreases and then decreases during relaxation, while for the

very hard to state definitely the temperature where the relaxcl salt it decreases just after field cycle and then increases to

ation phenomena start, since they appear as rather small r e steady state value, coming sometimes through the maxi-

sistance transients. Therefore the onset temperatures of (O

and 55 K may be considered as lower bound. he sh f the rel . _
The characteristic features of the relaxation phenomena ' N€ shape of the relaxation cur () =R(t) =Ry de-
are summarized as follows. pends on temperature. At high temperatures, close to the

(1) The relaxation is more evident in the Hall configura- transient appearance, the curves are well approximated by

tion, though its magnitude in the signal from potential probeshe gxponential decay, both for the @specially for the
can amount up to 50% of the Hall one. a-axis casg and the Br salts, and can be described by the

(2) The relaxation phenomena are the same for both déormula AR(t) =A; exp(-t/r). However, deviations from
current directions. the exponential decrease are seen upon cooling, and the

(3) The appearance of the transient in the sample is acshape of the curve cannot be described neither by the sum of
companied commonly by the changes of the voltage distrithese two exponents, nor by a sum of common and expanded
bution. Namely, upon cooling through temperatures of 7cexponent? In this case we approximated the initial decay
and 55 K in the Cl and Br samples, the ratio of the voltagegvith an exponent, subtracted this exponent from the signal,
between Hall probe and two potential probes changes in adnd presented the magnitude and characteristic decrease time
irregular way, evidencing current distribution change. Thereof the residue. So the transient was presented\ R§t)
fore we discuss hereafter the transient behavior only fo— A exp(—t/7)+Af(—t/7), and 75 corresponds to the

B. Magnetic relaxation phenomena

Ryx, NOt Ry, . e-times decrease of the residue functign-t/75). The tem-
(4) Voltage redistribution is observed without magnetic perature dependences of the respective signals, nawgly,
field as well. andt; of the exponential part and tho$a, andts) of the

(5) The relaxation appears irrespective of the field cyclingresidue, are presented in Figs. 4—6 for theaxis and
procedure, both when the field is changed from the directiore-axis cases in the Cl and tlzeaxis case in the Br salts. It is
of n* ton~ through the field-in-plané) position, and from  worth noting that the transient shape is principally different
n* to 0 and then back ta™. In the case of the magnetic for thea- andc-axis cases in the Cl salt. For theaxis case
field change from eithem* or n™ to 0, the magnitude of the the magnitude of the slow component is essentially smaller
transient is approximately a half of that for the full cycle, than that for the fast, and it vanishes at temperatures below
though more exact estimation was difficult due to a different30 K. For thec-axis case the magnitudes of the fast and slow
magnetoresistance in two field orientations. components are nearly the same. As long as there exists
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FIG. 5. The temperature dependences of the resistance transient FIG. 7. Magnetic field dependences of the resistance transient
parameters\; , 71 ,Aq, 7 in the Cl salt, for electrical current flowing parameter#\ and 7 andR;,, in the Br salt.
along thec axis. The resistance temperature dependence is shown
for reference. The lines are guides for the eye. plane directions. Then the negative sign of the thermopower
may be magnetic in origin, that explains well its large sensi-
strong mixing for both directions, it can be, in principle, tivity to the magnetic field? It is worth noting, that the Hall
thought that the slow component is absent in theconstant value for the Br salt is temperature independent,
a-direction. with a rather large value, which may be evidence of a low
Magnetic field dependences of the transient parametensole density (X10°° cm 3) even in the metallic state. At
for the Br salt are depicted in Fig. 7. For the Cl salt thetemperatures below 25 K the behavior of the Hall constant
dependences are basically the same, and are shown only fdsembles strongly that ef-(BEDT-TTE),MHg(SCN), be-
the c-axis case(Fig. 8. Magnetoresistance is positive in all jow the SDW phase transitiohi:*’
the salts and is not very large. The magnitude of the fast |t is evident that the relaxation of the resistance is due to
resistance transients increases nearly linearly with the maghe magnetic relaxation in the salts. Since the emergence of
netic field, while that for the slow transient is nearly propor-the relaxation is accompanied by an essential redistribution
tional to the second power of the field. The relaxation timeof the voltage along the sample lengtBs and(4), it may be
decreases slightly with the magnetic field. Quasistationaryoncluded that the sample becomes inhomogeneous even in

Hall resistance is nearly proportional to the field. the absence of magnetic field. Then the effect of the mag-
netic field is to change this inhomogeneity. This situation
IV. DISCUSSION clearly evidences the formation of magnetic domains in the

sample. The accumulation of the eff¢6} and the lack of its

A. The Hall effect and magnetic viscosity phenomena dependence on the magnetic field cy@gallow us to state

The Hall effect data for the CI salt, witR,, going in that essential sample resistance changes take place in the
parallel toR,,, show the presence of the real gap in thedomain wall region, and there is some aftereffect of the ex-
compound’s electronic spectrum. It is interesting, howevercitation. Interrelation of the relaxation phenomena of the
that the signs of the Hall effect and thermopower are differ-
ent: below 70 K the thermopower is negative for both in-
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FIG. 8. Magnetic field dependences of the resistance transient
FIG. 6. Temperature dependences of the resistance transient pamplitudes f;,A,), resistance in the position when the magnetic
rametersA and 7 in the Br salt. The resistance temperature dependield is lying in the highly conducting planeRg), R;,, and the
dence is shown for reference. The lines are guides for the eye. quasistationary Hall resistan€osye in the Cl salt'sc axis.
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type of the sample resistance temperature dependéhce changes from positive to negative, and the thermopower
shows that some defects are formed in the domain wall reslope change¥>!® At nearly the same temperature a rather
gion, resulting in a resistance decrease for insulating comstrong ESR spin susceptibility decrease is obsetvéfas-
pounds and a resistance increase for metallic compounds. signed to the one-dimensional magnetic fluctuatfdnand

It is commonly accepted that magnetic viscosity phenomon further cooling the magnetic field dependence of the ther-
ena are due to some slow processes in the lattice. For thﬂopower appeat3at nearly 55 K. Both the NMR line width
ferromagnetic compounds, these are known to be the diffuand the static magnetic susceptibility show decreases starting
sion of the atomic species and the nuc_leatlon of new phas&gom this temperature as wélt° All these anomalies were
in the boundary region, and for the ferrites recharging of theyggjgned to the magnetic fluctuations, not the magnetic tran-

ions.® If the first and third processes are unlikely to be thesition, though it has been supposed that magnetic order can
case in the compounds under consideration, nucleation of tl]sze induced by the field, at least for the pressure of 1 Rbar
new phases seems very plausible in view of the numerou ' )

id for th £ 1h ble ph . élearly, however, that magnetic domain formation can not
evidences for the presence of the metastgéoe phases in tB% typical for the magnetic fluctuation region, as the domains
sqlts, resulting in thermal history phenomefté’ The relax- are formed only at the Mg temperature for the AF transition

W the Curie temperature for the ferromagnetic 6hehus, it

processes. Evidently, however, that relaxation of the magné;,,y he stated that the real AF phase transition takes place in
tization commonly does not follow an exponential CUIVe.1ha "l salt at nearly 70 K

The presence of exponential decay in the resistance may be |, ye By salt, numerous anomalies are observed at around

recognized then as a result of a small deviation of the resi550 K as well. There exists an essential decrease of the ESR
tance in the domain wall area compared to that of domai'?nagnetic sﬁsceptibilitﬁo NMR line shift. and width

volume. changé' 32 and the thermopower and resistance anisotropy

It should be noted, that magnetic hysteresis phenomengy e ratyre dependences show some anonifféshough
evidencing formation of the magnetic domains, were 0by,,¢ o5 definite as in the Cl sdft* However, static magnetic

Sﬁrved earlier ;_n Izom:'(BEDT'-IrT?ZZQI'\fﬂ%ﬁC'\M S‘;‘:'_[Shin 4 Susceptibility starts to decrease at nearly 76°Knd there

the magnetic fleh ahove _nehary - e ﬁ?t"g‘é ISN€d " are some problems with the relation of this transition with
appearance of the phase inhomogeneity In tIS°Ca®dY | yice anomalies. The lattice expansion anomaly in the Br
correspond to the prediction of the theory for the mhomoge—sa't' similar to the 70 K anomaly in the Cl salt we have just

neous phase formation in the fields, close to the Spin'ﬂiprelated with the AF phase transition, is shifted to 80 K

transition”*® Observation of the magnetic viscosity phe- though the magnetic anomalies are shifted down to nearly 50

nomena with possible second phase formation in the COMK  We would like to note, however, that the anomalies in

pounds under stgdy at es_sentially lower fields_can then implyigterent crystallographic 'directions, at 80 K cancel each

that the magnetic state is much less stable inAENases  qiner and that the volume expansion anomaly is indeed ob-

with respect to thex phases. . served at 50 K® This allows us to support our conclusion
The pronounced anisotropy of the effect within the CON-about real AF ordering in the Br salt as well.

ducting plane is noteworthy. As is evident, the transient be- o magnitude of the transient reaches a maximum at the
havior is essentially different for treeandc directions in the temperature of 30 K both in Cl and Br, and drops on further
Cl salt. Since the resistance change is related to defec@)oling. The magnetic properties of the Cl salt are well es-

formed in the vicinity of domain wall, it may be concluded pished, so it is easy to ascribe essential changes in the
that electrical current, when flowing in tieedirection, has to  -p5racter of magnetic relaxation phenomena to the well

Cross defe_cted areas much more frequently. Thi_s means thabcumented magnetic phase transition to the three-
the domain walls run preferably along tre direction.  gimensionally ordered AF state with WF.The increase of
Namely the anisotropy of the domain walls can be respong,q relaxation rate in this case should be due to the appear-
sible for an essential QSHE voltage drop in thexis case, ance of an uncompensated moment in the magnetic lattice
due to the formation of the current lines that do not reach th%pon WEF transition, leading to an essential acceleration of
contacts. the domain wall movement in the magnetic fiédt is most
interesting, however, that the transient magnitude drop is ob-
served in the Br salt at the same temperature. This clearly
shows that the underlying magnetically ordered state is
With regard to the temperature dependence of the magpresent in the Br salt. The conclusion about the phase tran-
netic viscosity phenomena, two special points are evident isition in this temperature range was made previously in the
the temperature interval studied for each compound: 70 andourse of thermal expansion studi@sand its magnetic ori-
25 K in the Cl, and 55 and 25 K in the Br salts. In regards togin finds support in the NMR resuftsand our observation of
the higher temperature points, we have mentioned above th#tte Hall constant behavior.
they correspond to the domain structure formation at the Thus, summarizing the experimental observations of mag-
magnetic phase transition, most probably the AF one. Waetic viscosity phenomena for the Cl salt, we can state that:
will check whether this statement finds some support in the (1) The phase transition to the AF ordered state takes
results obtained with other techniques. In the Cl salt a verylace at nearly 70 K.
strong anomaly is observed in the temperature dependence of (2) The transformation of the magnetic structure at 25 K
the lattice expansion just at 70 K, evidencing second ordetransition to three-dimensional AF state with WF is revealed
phase transition in the saft This transition is reflected in the as a sharp relaxation magnitude drop. It is not clear, whether
electronic properties of the salts as the thermopower sigthe beginning of this drop at nearly 30 K can be related to the

B. Temperature dependence of magnetic viscosity phenomena
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fluctuations above the transition itself, or whether they arehe conducting layer; say, the ordering of coppef Cmag-
the manifestation of one more phase transition, as wafetic moments within the anion layer. A close relation be-

37 .
supposed: _ tween the temperatures of transport property anomalies and
(3) No special features are found that accompany the 45 Khose of the distances within the anion layer was revealed by
metal to insulator transition. Doi et al*! In this picture the slow dynamics of the domain

_ (4) Magnetic(AF) domains are formed at the AF transi- alls could find an explanation in slow Cuto CU/** re-
tion at 70 K, and their walls are running along taadirec-  charging processes. However, according to the band struc-
tion. _ ture calculatior!, the Cu level lies rather far from the Fermi

In regards to the Br salt, we observe that AF ordering  energy to take part in the charge transfer in the salt. Success
takes place at nearly 50 K ari@d) the magnetic phase tran- of the Fermi surface reconstruction showing the FS volume
sition proceeds at 25 K, just as in the Cl salt, confirming thegjpse to that calculated also makes*Cormation unlikely.

results of the lattice thermal expansion stutfiesd impli- SDW is an established mechanism for magnetic state for-
cations from the NMR® and specific-hedt studies, and mation in the low-dimensional compounds. However, its role
probably to the three-dimensionally AF ordered state. in the formation of the magnetically ordered state in the salts

Some of these findings are worthy of special attentionynder study has been questioned on the basis of two experi-
The results regarding the Br salt show that the AF state ignental observations(1) The commensurability of the mag-
compatible with the metallic state. Besides, it was previoushetic distortion with the lattice is unlikely to meet the best
shown from the anisotropy of the magnetic susceptibility innesting vector for the calculated FS; besides, it was argued
the Cl compound, that the easy axis corresponds to the dinat the curvature of the FS is rather large to lead to a large
rection of the normal to the conducting p'%--rhe direc-  glectronic energy decrease upon transiti@.Rather large
tion of the domain wall within the conducting plane then is magnetic moments of 0.4 touls, compared with the con-
determined by the higher order magnetic anisotropy conyentional SDW conductofTMTSeR,PF;. 42
stants(K, or Kg).? As these constants are not as large as \we show, now, that at leaét) is not strictly controversial
K> and the spin-flop transition, determined mainly by theyith the SDW picture in the salts. First of all, it is well
Kz value, at low temperature proceeds in the field of 0.4gstaplished, that the incommensurate structural modulation
T,”“"itis believed that the direction of the magnetic domainj, the one-dimensional conductors can be transformed into a
walls within the conducting plane should not be very commensurate one according to the McMillan mechardism.
strongly fixed. Rather strong anisotropy of the relaxationTne pasic idea of the latter is the following. If the best nest-
phenomena may then evidence that the anisotropy of defecﬁgg vector in thek spaceQ.=2k;, wherek; is the Fermi
in the crystal is responsible for the preferential stabilizationyaye vector, is incommensurate with the lattice, nesting con-
of the domain wall, running along thee axis. Based on the ijtions can be fulfilled by transforming the incommensurate
direction of the normal to the domain wall that correspondsgistortion into a periodic domain structure, so that the super-
to the direction of the normal to the open sheets of thestrycture becomes commensurate within each domain. In this
compounds Fermi surfacéS), an essential contribution case the wave vectors of the incommensurate and commen-
from the electronic energy to the stabilization of this gyrate density wave®. andQq,, respectively, and that of
structure can be thought of, just as is the case fokne periodic domain structur®goman, fulfill the relation
(BEDT-TTF),CUSCN), at high temperature¥. Q= Quw™ Quomain- AS a result, some charge within the lat-
tice is redistributed, and it is either the enriching the domain
wall (Quw<Qsd, or exhausting it Q> Qsd, and thus a
charged domain wallsoliton) is formed. In the system under

As possible origins of the magnetism in the salts, the fol-consideration, this can lead to the periodic domain structure
lowing three can be consideredl) the presence of the with the wave vector normal to the FS open sheets, that is
strong Mott-Hubbard correlationg2) the existence and along thec axis, with the walls running along thee axis, in
magnetic ordering of some magnetic moments that are exaccordance with our finding.
trinsic to the highly conducting BEDT-TTF layers, namely, We would like to note, besides, that other possibilities
CU" ions in the anion layer, antB) the formation of the exist in the systems under study to adopt the commensurate
SDW. There is a general belief, that Mott-Hubbard-type cor-structure. These come from the mixed-dimensional topology
relations are responsible for the magnetic properties of thesef the compound’s FS, comprising open FS sheets, resem-
compounds:*® Finding that the metallic phase shows AF bling those of the one-dimension&lD) conductors and
order in the Br salt seems to support this idea. We would likeclosed cylinders, representing the two-dimensig2al) part
to note, however, the striking similarity of the 25 K transi- and formed due to the appearance of the gaps in the disper-
tion temperature in the metallic Br and insulating Cl salts,sion curves at the Brillouin zon@Z) boundaries.
despite the fact that, according to the calculafidin order The presence of the 2D cylinder can modify the standard
to obtain insulating and metallic states rather different valuesharge or SDW transition picture. First of all, the presence of
of the transfer integrals are necessary, so different temperdarge amounts of free carriers that are not subjected to the
tures of the phase transitions could be anticipated. The othenetal-insulator transition screens effectively all the charges
point, that is hard to explain in this model, is the direction ofin the lattice, thus making the situation favor the SDW with
the domain walls, appearing in the compounds. respect to the charge density wave formation. Secondly, ac-

As far as the phase transitions looking as something indesording to the theory of magnetic polarc{sin the AF or-
pendent of the compound'’s electrical conductivity, it is at-dered backgroundtypical of the SDW it is energetically
tractive to relate them with some process that is not related téavorable to form quasiparticles, imbedded in the regions of

C. Possible origin of the magnetic state in the salts
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tion between inequivalent dimers, and thus could lead to
Tye vl larger moments in the magnetically ordered state, though this
statements needs further verification.
T 3 Of course, at present it is simply impossible to decide,
/\ Kq /Y K, which of the magnetic ordering schemes works as there are
r \y r \y no direct determinations of the compound’s magnetic struc-
< q ture. However, we would like to note that the situation with
the SDW is too far from being clear to consider it totally
unapplicable. It explains naturally the phase separation in the
FIG. 9. Fermi surface of the compoun(® and the proposed Salts, the evidence for which can be supposed from both the
Fermi surface transformation upon superstructure formation aPronounced magnetic field induced aging effects revealed by
wave vectorQ (b). Because the gap at the Brillouin zone boundary Sushkoet al*® and these experiments. The direction of the
Ag is very small, much less than the superstructure §ag,y, an ~ domain walls finds a quite natural explanation in the SDW
essential redistribution of the carriers is expected between the twpicture, as well as strongly different properties of the domain
Fermi surface sheets. wall with respect to the domain volume.

It is noteworthy that as a lot of the anomalies are observed
the ferromagnetic order as their energy is reduced. When tH& nearly the same temperatures in otherphase
number of these quasiparticles exceeds some thresholg@!ts of BEDT-TTF, it is tentative to suppose the presence
phase separation can occur in the material, resulting in ihgl the real magnetic transitions in the other salts too.
formation of an insulating AF phase and a conducting ferro-Y&ry recently we observed magnetic viscosity phe-
magnetic phase. Thus, the presence of the carriers on the £§mena in  the (BEDT-TTF);CUN(CN),]l and _Some
cylinders can lead to phase separation in the materials ad@EDT-TTP2CUN(CN),]CIBr alloy samples as weff
preferential accumulation of the carriers in the domain wall
region. There is, however, one more essential difference of
the SDW in mixed-dimensional systems. In the 1D system V. CONCLUSION
the only condition for the SDW formation is that nesting ) effect studies inc-(BEDT-TTF),CUN(CN),]CI have
must occur in a large enough part of the FS. In the systémgy o\, the presence of a real gap in the electronic spectra of
under study, if SDW leads to the opening of the rather larggne compounds. The Hall constant was found to be tempera-
gap compared to the very small gap at the BZ boundéry, g independent in the Br salt with a value af2
essential Fermi surface shape changes may result, as thegg 5-8 13/c down to 55 K.
may be redistribution of the carriers between the two sheets. 1,4 phase transition to the AF ordered state was found to
Say, if we take the temperature of the SDW formation of 50,oceeq at temperatures as high as 70 and 55 K in Cl and Br
K'and, as is common, assume a BCS-like relation betweel,is respectively. This transition was shown to lead to mag-
the critical temperature and the gagpy,/Tc~3.5, We COMe havic viscosity phenomena in the samples. From the anisot-
to a superstructure gap value of the order of 180 K that ISyopy of these phenomena in the highly conducting plane of
essentially larger than the energy gap at the BZ, of the ordef,e "¢/ ¢rystals, the domain wall direction was found to co-
of 16 K from magnetic breakdown field in the Shubnikov-de,iqe with thea axis.

Haas effect studiesThus, t_he formation of the superstruc- Temperature dependences of the magnetic relaxation pa-
ture at the wave vectd@ (Fig. 9) reduces the energy of the 5 eters indicate that the magnetic structures of metallic Br
states, lying between the initial FS and the new BZ boundyp ingylating ClI salts are similar. In particular, the appear-
ary, essentially larger than the gap at the initial BZ boundaryynce of the magnetically ordered state is observed in the Br
This makes it energetically favorable for the carriers fromgyy ot nearly 25 K, being consistent with earlier observations
the hole pockets to occupy the states in the first BZ, leadingy ihe phase transition in the compound.
to the decrease of the volume of the hole part of the FS. Itis  g55ed on the direction of the domain wall periodicity cor-
most interesting, however, that the largest reduction of th?esponding to the direction of the open sheets of the com-
total electron energy can result from the superstructurepoundS Fermi surface, the SDW mechanism of the magnetic
which does not fulfill the criterion of best nesting@wave  giate formation is reexamined. It is shown that the commen-
number, but its wave number can be defined from the congrapility of the magnetic structure with the lattice does not
dition of the total electronic energy minimum for this new .qntradict the SDW picture.
state. Then the system may first adopt distortion, defined by
the initial FS nesting conditions, and then suffer a sequence
of transitions to the states with lower electron energy. ACKNOWLEDGMENTS

In this picture it may be clear why the Br salt does not
suffer transition to the insulating state: its Fermi surface is The authors would like to acknowledge support from
already strongly reconstructed by the superstructure, formeNEDO in the form of a Proposal-Based Advanced Industrial
at 200 K% making this essential energy gain impossible dueTechnology R&D Program. Support from the International
to the redistribution effect. Science FoundatiofiGrant No. U5120pD is also acknowl-

The value of the magnetic moment within the WF mag-edged. The authors would like to thank Y. Yamauchi for his
netically ordered state is, however, the principal difficulty for help in computer software development. One of the authors
the SDW picture. It can be thought that the redistribution(M.T.) would like to thank Yu. V. Sushko for stimulating
effect, mentioned above, could result in the charge separaliscussions.



12 536

*Author to whom correspondence should be addressed.
1U. Geiser, A. J. Shultz, H. H. Wang, D. M. Watkins, D. L.

TANATAR, ISHIGURO, ITO, KUBOTA, AND SAITO

55

Janssen, J. A. A. J. Parenboom, M. Kurmoo, W. Hayes, and P.
Day, Phys. Rev. B15, 13 904(1992.

Stupka, J. M. Williams, J. E. Schirber, D. L. Overmyer, D. Jung, >*M. V. Kartsovnik, D. V. Mashovets, D. V. Smirnov, V. N.

J. J. Novoa, and M.-H. Whangbo, Physical®4, 475(1991J).

2M. V. Kartsovnik, G. Yu. Logvenov, H. Ito, T. Ishiguro, and G.
Saito, Phys. Rev. B2, R15 715(1995.

3M. V. Kartsovnik, W. Biberacher, K. Andres, and N. D. Kushch,
Sov. Phys. JETP Let62, 859(1995.

4Y. Yamauchi, M. V. Kartsovnik, T. Ishiguro, M. Kubota, and G.
Saito, J. Phys. Soc. Jp65, 354 (1996.

SuU. Welp, S. Fleshler, W. K. Kwok, J. W. Crabtree, K. D. Carlson,
H. H. Wang, U. Geiser, J. M. Williams, and V. M. Hitsman,
Phys. Rev. Lett69, 840(1992.

5Yu. V. Sushko, H. lto, T. Ishiguro, S. Horiuchi, and G. Saito,
Solid State Commur87, 997 (1993.

7Yu. V. Sushko and K. Andres, Phys. Rev.4B, 330(1993.

8T, Ishiguro, Yu. V. Sushko, H. Ito, and G. Saito, J. Supercand.
657 (19949.

%K. Miyagawa, A. Kawamoto, Y. Nakazawa, and K. Kanoda,
Phys. Rev. Lett75, 1174(1995.

10a, Kawamoto, K. Miyagawa, Y. Nakazawa, and K. Kanoda,
Phys. Rev. B52, 15 522(1995.

4. H. wang, K. D. Carlson, U. Geiser, A. M. Kini, A. J. Schultz,
J. M. Williams, L. K. Montgomery, W. K. Kwok, U. Welp, K.
G. Vandervoort, S. J. Boryschuk, A. V. Strieby Crouch, J. M.
Kommers, D. M. Watkins, J. E. Schirber, D. L. Overmyer, D.
Jung, J. J. Novoa, and M. H. Whangbo, Synth. M&,. 1983
(1991).

12y, A. Bondarenkoet al. (unpublishedl

M. A. Tanatar, V. S. Yefanov, V. V. Dyakin, V. A. Bondarenko,
N. D. Kushch, and E. B. Yagubskii, JETP Le59, 720(1994.

14R. Blink, P. Cevc, D. Arcon, D. Mikhailovich, and P. Venturini,
Phys. Rev. B50, 13 051(1994).

M. A. Tanatar, V. S. Yefanov, M. V. Kartsovnik, A. E. Kovalev,
V. A. Bondarenko, and N. D. Kushch, Synth. M&t0, 941
(1995.

16T, sasaki, S. Endo, and N. Toyota, Phys. Revi@31928(1993.

17V, N. Topnikov, S. I. Pesotskii, and V. N. Laukhin, JETP Lett.
59, 374 (1994.

18see, e.g., A. H. MorrishThe Physical Principles of Magnetism
(Willey, New York, 1965, p. 415.

194, sato, T. Sasaki, and N. Toyota, Physical85-189 2679
(1991).

20yu. V. Sushko, K. Murata, H. Ito, T. Ishiguro, and G. Saito,
Synth. Met.70, 907 (1995.

21G. J. Atlas, J. S. Brooks, S. Valfells, S. J. Klepper, M. Tokumoto,

N. Kinoshita, T. Kinoshita, and Y. Tanaka, Phys. Rev5@g
17 713(1994.

22T, Sasaki and N. Toyota, Phys. Rev.4B, 10 120(1994.

23F. L. Pratt, J. Singleton, M. Doporto, A. J. Fisher, T. J. B. M.

Laukhin, A. Gilewskii, and N. D. Kushch, J. Phy&rance | 4,
159 (1994.

3y, G. Bar’yakhtar, A. E. Borovik, and V. A. Popov, JETP Ledt.
391(1969.

26M. Kund, H. Muller, N. D. Kushch, K. Andres, and G. Saito,
Synth. Met.70, 951 (1995.

2TM. Kubota, G. Saito, H. Ito, T. Ishiguro, and N. Kojima, Mol.
Cryst. Lig. Cryst.284, 367 (1996.

28Yu. V. Sushko, N. Shirakawa, K. Murata, and G. Saito, Synth.
Met. 70, 937 (1995.

29M. M. Farztdinov, Physics of Magnetic Domains in Antiferro-
magnets and FerriteéNauka, Moscow, 1981(in Russian.

30y, Kataev, G. Winkel, D. Khomskii, D. Wohlebben, W. Crump,
K. F. Tebbe, and J. Hahn, Solid State Comm8@).435(1992.

SIA. V. Skripov, B. A. Aleksashin, Yu. G. Cherepanov, J. Wit-
teveen, and H. B. Brom, Physica235-24Q 2455(1994).

324, Mayaffre, P. Wzietek, C. Lenoir, D. Jerome, and P. Batalil,
Europhys. Lett28, 205 (1994.

335, M. De Soto, C. P. Slichter, A. M. Kini, H. H. Wang, U. Geiser,
and J. M. Williams, Phys. Rev. B2, 10 364(1995.

84 1. Buravov, N. D. Kushch, V. A. Merzhanov, M. V. Osherov,
A. G. Khomenko, and E. B. Yagubskii, J. Phy&rance | 2,
1257(1992.

35yu. V. Sushko, V. A. Bondarenko, R. A. Petrosov, N. D. Kushch,
E. B. Yagubskii, M. A. Tanatar, and V. S. Yefanov, Physica C
185-189 2681(1991).

%M. Kund, H. Muller, W. Biberacher, K. Andres, and G. Saito,
Physica B191, 274 (1993.

81, Ito, T. Ishiguro, M. Kubota, and G. Saito, J. Phys. Soc. Jpn.
65, 2987(1996.

38y. Nakazawa and K. Kanoda, Phys. Rev5B R8875(1996.

393, Ravy, J. P. Pouget, C. Lenoir, and P. Batail, Solid State Com-
mun. 73, 37 (1990.

40H. Kino and H. Fukuyama, J. Phys. Soc. Jpd, 2726(1995.

4T Doi, K. Oshima, H. Maeda, H. Yamazaki, H. Maruyama, H.
Kimura, M. Fujita, H. Mori, S. Tanaka, H. Yamochi, and G.
Saito, Physica (185-189 2671(1991.

42D, Jerome and H. J. Schultz, Adv. Phyd, 299 (1982.

43w, L. McMillan, Phys. Rev. B14, 1496(1976.

4435ee, for example, E. L. Nagaev, Sov. Phys. Us).863(1975;

A. Mauger and C. Godart, Phys. Reptl, 51 (1986.

45y, Nogami, J. P. Pouget, and T. Ishiguro, Solid State Commun.
89, 113(1993.

46yu. V. Sushko, H. Ito, and T. Ishiguro, J. Phys. Soc. JpA.
3372(1993.

4’M. A. Tanatar, T. Ishiguro, H. Ito, N. D. Kushch, and E. B.
Yagubskii (unpublisheg



