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We have investigated the microwave response at 44.5 GHz with respect to temp@ratndeexternal
magnetic fieldH in A-(BEDT-TSF),FeCl, forming a quasi two-dimensional electronic system withd
correlations. At 8.3 K =T, , the metal-insulatofMI) transition temperatute<T<70 K (=Tgy), the mi-
crowave dielectric constant along tieeaxis, €7, takes positive large values amounting to 1000—2000. Fur-
thermore, the microwave conductivity; starts to deviate resistively from the dc conducti\ni;tg{c, and the
difference betweew{ and o, reaches about two orders of magnitude just abbye The present results are
consistent with the previous results at 16.3 GHz, and consequently the appearance of the anomalous metallic
state is confirmed. An anomalous microwave response has also been observeafimtigd* directions, and
there exist large anisotropies depending sensitively on the orientations. The broad maxirfuaraind 30
K is reminiscent not of a usual ferroelectric transition, but of relaxor ferroelectric behaviors. It is expected that
dielectric domains or stripes with less metallic conductions emerge inhomogeneously in eletronic
systems. Abovel ¢, where microwave anomalies are not present, the interplane and intraplane microwave
conductivities hold anisotropies$/c® ~10° and ¢$/0%" ~10. In the antiferromagnetic insulating stats,
becomes much conductive in comparison withy. Together with low frequency data; is found to exhibit
a large frequency dispersion. The microwave response is not attributed to single particle excitations, but to
some collective mode excitations associated with charge degrees of freedoid-Tphase diagram of the
MI transition determined by the present microwave measurements is independent of the orientatioascf
coincides well with the phase diagram obtained by the dc magnetoresistivity and magnetization. Spin waves for
the hard axis are observed as an absorption peak in the width change for the microwave magnetic field applied
parallel to bothH anda*.
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I. INTRODUCTION The temperature dependence of the dc resistivity apng
pS., shows a broad maximum around 100'%! Such a

Organic charge-transfer salts, which form a low-maximum has also been observed in many BEDT-TTF
dimensionalr-electronic system, are well known to exhibit a compounds. On the other hand, the Q2D electronic system
wide variety of ground states with broken symmétrguch undergoes a metal-insulator transitionTgf; = 8.3 K, where
as spin density wavesSDWs,® charge density waves pS. rapidly increases by at least seven orders of
(CDWs),* and superconductivity.Among them, the salts magnitude’®*>*30n the other hand, the isostructural GaCl
based on a donor molecule of bisethylenedithio-sait exhibits superconductivity belows=4.8 K, above
tetraselenafulvalerfe] abbreviated as BEDT-TSF or simply which the dc resistivity shows highly metallic states as
BETS, have recently attracted much attentions due to theif,q 14
interesting low-temperature properties depending on the tem-
perature, magnetic field, and presstifewithin a class of
BETS compounds, tha-type salts composed of magnetic |,c5jizeq at F&*. 1112 The Weiss temperature is evaluated to
counter anions of Fe¢land FeGa _,Cl, (x=0-1) have o _ _ 10 K, and hence an antiferromagnetic interaction is
been _mtenswely focused upon, bgcausg these are the f'rl%tund to exist®® The magnetic susceptibilities for fields
organic metals, where quasi-two-dimensiof@2D) m elec- o rnendicular and parallel  exhibit a typical anisotropy,
trons interplay with localized@magnetic moments through jgicating that an antiferromagnetic long-range ordering si-
a so-calledr-d interaction. o multaneously occurs at the Ml transitidh.

The crystal structure of-(BETS),FeCl,, which is briefly There appears a remarkable drop in the magnetic suscep-
written as FeCl salt in this paper, is triclinic with a space pjjity just below Ty, , which reveals an emergence of local-
group P1.'% The unit cell involves four BETS cations and ized = spins, S,=1/2.2% Although the localized positions
two FeC], anions surrounded by terminal ethylenes ofhave not been clarified experimentally, it is expected that the
BETS. A fourfold column, which consists of two crystallo- 7 spins may exist between BETS molecules dimerized in the
graphically independent BETS cations, aligns along @he column alonga possessing the largest transfer integtls.
axis through a face-to-face couplif§A side-by-side over- From recent molecular orbital calculatiotfsthe -7 anti-
lap extends along the axis. The quasi-two-dimensional ferromagnetic exchange interactidn, is estimated to be
electronic system sandwiched by insulating Fe&hion lay-  much larger than thd-d and 7-d exchange interactionk,q
ers alternates along the direction. andJ 4. Among these interactions, thed interaction plays

The magnetic susceptibility follows a Curie-Weiss law
down to about 10 K, coming from a high spin 8f;=5/2
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a significant role in inducing coupled antiferromagnetic or-employed a cavity perturbation technique utilizing they;E
dering simultaneously in both spin systems. The insulatingesonant mode of a cylindrical cavity made of an oxygen free
transition may be regarded as a new type of Mott insulatoeopper**3! The resonant frequency was about 44.5 GHz
induced by ther-d interaction. and the Q value changed from10 000 at room temperature

In high magnetic fields above 11 T at low temperatures, to ~20000 at 4.2 K. Since the input power never exceeded
the antiferromagnetic insulatingAFl) ground state transits 10 4 W in the present microwave measurements, heating
reentrantly to a metallic staté where thed spins are forced problems were neglected down to 0.5 K. A piece of the
ferromagnetically. Shubnikov-de Haas oscillations havesingle crystal was mounted with a tiny amount of grease on
been observed above 12 T, which originate from the warpegbp of a quartz rod, where either electric or magnetic field
cylindrical Fermi surfacé’ The cross-sectional area is deter- components of the microwave hold a maximum. The sam-
mined to be about 18% of the flrSt Brillouin zone at 10 K, p|e’s Weight ranged from 1 to ﬁg, and each Samp]e was
which is compared with extended ekel tight-binding band  ysed for each measurement to avoid extrinsic effects such as
structure calculation® The effective mass is enhanced to g crack owing to thermal cycling. To check the data repro-
4.1m, due to electron correlations. It is noted that a superducibility, we performed microwave measurements on sev-
conducting state is induced at high magnetic fields betweegral samples for each configuration. The typical sample size
18 and 41 T, the direction of which is exactly parallel to thewas 0.076*)x0.03(*)x1(c) mm®, the volume V. of
a*-c conducting plané®**This field-induced superconduct- which was negligibly smaller than the cavity volurig. The
ing state can be explained from _the viewpoint of Fhefi||ing factor y=y,V</V, Was of the order of 10°~10"°,
Jaccarino-Peter effe€t, well established for magnetic so that an adiabatic condition was satisfied. The mode con-

22 . . . .
superconductors. _ _ stanty, takes 2.09 for the configuration of maximum electric
Recently, drastic nonlinear transport phenomena havgg|qs3°

been successfully observed in current-voltage characteristics a gkin depth is given bys= (2py/wpm) Y2 wherepye, o

well below Ty, .2 Negative resistance and switching effects and 4 denote the dc resistivity, angular frequency, and mag-
were also found, which strongly depend on the temperaturggtic permeability, respectively. In cased$ d, whered is a
and magnetic field*?° Such phenomena have been reportedsample size, microwaves penetrate throughout a sample,
so far in insulating states of mixed-stack or segregated-stackniie in case ofs<d. microwaves penetrate partially in
charge transfer salt§:?’ The negative resistance reveals thatfrom a surface. The; former case is called a depolarization
there may appear some _carrier_decondensation mechanisfrggime and the later a skin depth regime. For these two re-
when a high electric field is applied to the AFI state. —  gimes, we have to apply different schemes to calculate com-
From our previous microwave measurements employing §jey conductivities. However, the depolarization regime is
cavity of 16.3 GHZ*’we have reported that the anomalousfonq to hold in the present measurements as described in

metallic state emerges &y <T<70 K (=Tgy), where the e following sections, so that here we briefly introduce how
microwave loss is enhanced anomalously, even though the 4g ireat the data in this regime.

resistivity indicates a highly metallic state. The real part of g4, eliminating instrumental backgrounds, the procedure
the complex microwave conductivity alorgy o7, starts o myst be repeated twice, first with a sample installed in a
deviate from the dc conductivitygg., below Tey. Just  cavity as denoted by subscrips,” and second without it as
aboveTy, , o} is lower thanog. by two orders of magnitude. “0.” From a resonance curve obeying a Lorentz shape, we
Consequently, the dielectric constant alange;, shows a  obtain the resonant widthd’¢, ') and resonant frequen-
huge increase amounting to the order of.10 cies (fs, fo). The width chang@I'/2f,=(I's—1T"y)/2f, and

In order to provide further information for the anomalousthe resonance shifAf/f,=(fs—fg)/fy; are evaluated as
metallic state and the collective modes in the AFI state, wdunctions of eitherT or H. A complex frequency shift is
have extensively studied the microwave response at 44.8efined as
GHz as a function of temperature and external magnetic
field. Microwave electric fields are applied to three different Aw* Af AT
axes,a*, b*, andc, to clarify the anisotropy of the dynamic P = N —l 2fy" @
response. For the AFI state, the microwave conductivities are
discussed together with low frequency data to elucidate freA complex dielectric constantt = e; +i€,) is given by*32
guency dispersions in a wide spectral range. Finally, we dis-

cuss possible origins of the anomalous metallic state by the Aw*/wg
use of other related experiments. e&=1-—, (2
v+nAw*/wg
Il. EXPERIMENTAL METHOD where n denotes a depolarization factor. A sample with a

Single crystals of FeGlsalt with a needle shape growing needle shape can be agproximated to be a prolate ellipsoid. A
along ¢ were prepared by an electrochemical oxidationcOMPplex conductivity §* =1 +ia>) is evaluated from the
method. Microwave excitation and detection were carriedo!lowing relation;
out by our homemade scalar network analyzer system avail-
able to detect the lowest power 6f70 dBm with a dynamic
range of 90 dB. In order to obtain a microwave response, we

*

io
e =1+47—. 3
15)
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FIG. 2. Temperature dependence of the microwave conductivity
o4 at 44.5 GHz along, a*, andb* evaluated by Eqg2) and(3).
The dc conductivity along, o§., is indicated by a solid line.
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a crossover from the high-temperature depolarization regime

to the low-temperature skin depth regime. Nevertheless, the
FIG. 1. Temperature dependence of the resonant shiftfo) emergence of the anomalous microwave Ioss' mentioned

and width change AT'/2f,) at 44.5 GHz forE,Jc(a), E,Jla* (b) above evidences that such a crossover is not realized and that

andE.J|b* (c). the system remains on the metallic side of a depolarization
regime.
In order to evaluate absolute values of bethand e, it With further decreasing temperatures, drastic changes are

is necessary to determine a metallic shifty/n precisely. observed in bothAI'/2f, and Af/f, at 4 K<T<Ty, just

The value ofy can be estimated through a measurement ofvhere the resonance shape deforms. from_an ideal Lorentz
the sample weight. Strictly speaking, the shape of the preseft/fve, so that the data cannot help involving some errors.
sample is a slender rectangle, so that an error is involved iAhe sharp peak i I'/2f, just belowTy, , which is called a

n obtained by assuming a prolate ellipsoid. In particular, arflepolarization peak, corresponds to a crossover from the me-
error of the metallic shift has a large influence on microwaveallic to insulating sides in a depolarization regime. Below 4
conductivities for a metallic side of a depolarization regime K. Af/fo saturates to a nearly constant value avid/2f,
while in an insulating side of a depolarization regime, thedecreases toward zero. o

error hardly gives rise to serious uncertainties of absolute As shown in Fig. 1b), AT'/2f, for E,dja* also exhibits a

values. depolarization peak at 50 K, around whichA f/f, changes
most strongly. In the vicinity of the depolarization peak, the
IIl. EXPERIMENTAL RESULTS resonance shape does not deform from a Lorentz curve at all,
as described above fdg,J|c. Just belowTy,, a steplike
A. Temperature dependence change occurs both inf/f, and AT'/2f,. A tiny peak is
of the microwave conductivities observed afly, , the height of which is much smaller than
The temperature dependencedf/ f, andAT'/2f, at 44.5  that of the depolarization peak around 50 K.
GHz is depicted in Figs. (&)—1(c) for microwave electric For E,d|lb* in Fig. 1(c), Af/f, is almost independent on

field configurations of,J/c,a*, andb*, respectively. The teémperature abovéy, . A broad peak inAT'/2f, around 50

behaviors ofA f/f, andAT'/2f, in Fig. 1(a) are qualitatively K is not attributed to a depolarization peak, becandéf,

similar to the previous results at 16.3 GBzA gradual in-  hardly varies at the peak temperature. Beldyy, Af/f,

crease ofA f/f, down to about 60 K reveals that the conduc- Shows a steplike change ad’/2f, is suppressed toward

tivity tends to rise. A maximum at around 100 K Af'/2f, ~ Zero after taking a tiny peak just belofy, .

is in agreement with that observed in the dc resistivity. Af- Figure 2 depicts the microwave conductivities for each

terwards taking the maximumyI'/2f, is suppressed down Orientation evaluated by Eq&2) and(3) in a depolarization

to about 40 K. A shallow minimum is observed at around 30"egime. Filling factors of the samples are estimated toybe

K in AT/2f,. The slight increase ofAT/2f, at Tyy<T  =2.7X10°° 1.1X10°° and 7x10°° for ¢, a*, andb*,

<30 K indicates the appearance of anomalous microwavéespectively. The dc resistivity only alorg pg., has been

loss. In a conventional good metai['/2f, approaches zero measured so far. The temperature dependencergf

with decreasing temperatutf® An enhancement of the mi- (=1/p5y) is shown by a solid line in Fig. 2. The metallic

crowave loss was already observed at 16.3 GHz as?ell. increase occurs down By, , and the rapid decrease reaches

The dc resistivity, however, decreases monotonically byabout seven orders of magnitude frdgy, to 4.2 K.

about two orders of magnitude from 100 KTg, . We have already described that the anomalous microwave
According to the dc resistivity, the skin depth around 50 Kloss emerges it ,Jc at Ty, <T<40 K, whereas the micro-

is estimated to be about 30m, which is comparable to the wave response never shows any anomalies at higher tem-

sample dimension, and hence the system is expected to mageratures. In order to determine the depolarization factor
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along ¢, n., we assume that{ is equal toog, at T
=100-150 K. Then we obtaim,=2.27x10 2, which is
larger than 1.X 102 estimated by assuming a prolate ellip-
soid. Above 60 K,o{ coincides witho§,, and, at lower
temperaturesg; becomes much resistive in comparison to

o§., and a shallow maximum appears around 30 K in accor-

dance with a minimum ofATl'/2f, [Fig. 1(b)]. Just above
Tw » the difference between$ and o, amounts to about
two orders of magnitude. The resistive featuresinis con-
sistent with the previous results at 16.3 Gfiz.

For a depolarization peak, we can apply a relatioif of

(4)

At the depolarization peak along* in Fig. 1(b), AT'/2f,
takes 8.%X 1078, which corresponds to the left hand side of

Af/fo+ y/n=AT/2f,.

Eq. (4) representing the relative difference. There are no data

on the dc conductivity along@*, so that we employ the
depolarization factor oh,« =0.14 calculated through an as-
sumption of a prolate ellipsoid, and’i‘* is estimated to be
1 (© cm) ! around 100 K. The error in,« ranges from 0.1
to 0.4 at most, and henoei* are evaluated to be around
0.5-2 @ cm) ! around 100 K, as indicated by an error bar
in Fig. 2. Below 70 K,ai‘* gradually increases and exhibits
a shallow maximum around 30 K, which is close to the
maximum temperature in .

To calculatecrﬁ’*, the depolarization factor is estimated to
be ny« =0.72 through the calculation for a prolate ellipsoid.

The absolute value o&kl’* does not depend much on either
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FIG. 3. Temperature dependence of dielectric constants at 44.5
GHz obtained by Eq(2) alongc, a*, andb*. In the inset,sel‘* and
%" are enlarged below 40 K.
aforementionedv-type BEDT-TTF salts hold anisotropies of
similar magnitudes to the present FgCsdalt at room
temperatur&®334 Both a- and \-type salts take columnar
structures, and different conductions are obtained for direc-
tions parallel or perpendicular to the column. Generally
speaking, conductions along the column are simply expected
to be the largest. In Fegkalt, however, the most conductive
direction is nota, along the columnar direction, baf along
the intercolumnar direction, which is consistent with band
structure calculation®

The temperature dependence of the dielectric constants,
which are calculated with Eq2), is shown in Fig. 3. The
sign of €] changes from negative to positive aroufigl .

np« or the metallic shift, because the whole temperatureThe metallic state abov@ry is considered to have no
range belongs to an insulating side of a depolarization reanomalies. However takes extremely large positive val-
gime. We estimate the error of the absolute value to be 4jes in quite anomalous metallic states Tl <T<Tgy,

X 10" 2~1x10 2 around 100 K, as denoted by an error bar.
As shown in Fig. Zg‘{* is almost constant, though it takes a
maximum around 50 K.

Below Ty, , of exhibits a sudden drop by about three
orders, whereas it is more conductive thef suppressed to
the order of 10* (Q cm)~*. A similar suppression is also
observed imi‘*, the magnitude of which is approximated to

be two orders. Just belowy, , atj* shows a remarkable peak
corresponding to the peak observedAh/2f, in Fig. 1(c).

I *
The variations ofr) below and abov@),, are much smaller

than those ob$ and o2 .

At high temperatures abov&gy, the intraplanes$ is
approximated to be fQimes as large as the interplane con-
ductivity a'{*. A large discrepancy is similarly found in the
ratio of 16—10 between intraplane and interplane dc con-
ductivities as reported ina-(BEDT-TTF),KHg(SCN),
(Refs. 5 and 3Band a-(BEDT-TTF),TIHg(SeCN),.** On
the other handa'i* is approximately one order less conduc-
tive thano$. Thus the two-dimensional conduction on the

where o becomes dispersive as mentioned above. A broad
maximum in €] is seen around 30 K, which amounts to
1700+500. The error comes from the uncertainty rof.
Afterward taking a sharp peak @i, , €] drops drastically
and saturates to 4515 below 5 K.

Both ei‘* and e?* show slight increases beloWgy,,
which exhibit a broad maximum around 20 K as shown in
the inset of Fig. 3. These increases indicate that the anoma-
lous microwave response develops as well agfirat Ty,
<T<Tgy. The values ofei* and etl’* are 2-3 orders of
magnitude smaller than that ef . Reflecting highly aniso-
tropic conductivities in Fig. 2, the dielectric constants also
reveal anisotropies depending on the orientations. Afterwards
taking sharp peakz"i‘* and ekl’* saturate well belovl, to
22+5 and 6+ 1, respectively.

B. Magnetic field dependence
of the microwave conductivities forE,J|c

Figure 4 shows the resonant si#i and width changéb)

a*-c plane is concluded to be highly anisotropic. Here wefor the configuration ofE,Jc versusT underH=0~12T
make some comments on the intraplane anisotropy. Littlapplied parallel toea*. At higher fields tharH.~11 T, the

intraplane anisotropy has so far been reported &eype
salts such ask-(BEDT-TTF),Cu(NCS),*® though the

critical fields for the reentrant transition,f/fy and AT'/2f
remain almost constant down to 0.6 K. The MI transition
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FIG. 4. Temperature dependenceXf/f, (a) and AT'/2f, (b)

FIG. 6. Temperature dependenceodf(a) ande; (b) at different
for E,J|c at different external magnetic fields applied parallehto P P egi(a) i (b)

external magnetic fields applied parallel&d.

temperatures are defined by assuming tilif, and data in Figs. 4 and 5, are shown in Fig. 6 féfla* and in
AT'/2f, start to deviate from the constant values. With in-Fig 7 for Hb*. In th:a delocalizeds electronic states
creasingH, a remarkable increase Aff/f, in the AFI states ) ' 1 .
is suppressed and vanishes at 12 T. On the other hand, thak€S @ nearly constant value argund_ 4Dqm) ~. From
depolarization peak iAT/2f, shifts to lower temperatures. F19S- @b) and 7b), it is found thate; varies from the order
It must be noted again that uncertainties become large in th&0 to_l(? with increasingH, and consequently the large di-
temperature range around the depolarization peak owing tB/€ctric constant in the anomalous metallic state abqyes
deviations of the resonance shape from a Lorentz curve. Agcovered belowly, under higher magnetic fields thady.
discrete jump takes place aralif K in the AFIstate, which [N the anomalous metallic state, tkg of about 1500 is al-
is observed up to 10 T. most independent of bothandH. The Ml transitions irH is
The results of the configurations fé,J|c andH|b* are  independent of the magnetic field directions. It is concluded
depicted in Fig. 5. The steplike increase/ofi/ f, is reduced ~ that magnetic fields control the dielectric and magnetic prop-
by H, and the depo|arizati0n peak AT/ZfO shifts to lower erties in the AFI state. In Flg 6, there are discrete jumps at 1
temperatures due to a suppressiorTgf. The temperature K in both €7 and ¢ . The dc resistivity belowT, rapidly
dependence in Fig. 5 is qualitatively similar to that in Fig. 4.increases, associated with many successive jumps accompa-
The real part of the complex conductivity and dielectric nying a hysteresis, suggesting a first-order transftigiThe
constant, which are evaluated by E@®) and (3) with the  resistive jumps imply that the AFI transitions may be accom-

T T T 1
E, //c,H//b*

o/ (©cm)’

0 5 10
T (K)
FIG. 5. Temperature dependencef/f, (a) and AT'/2f, (b) FIG. 7. Temperature dependenceodf(a) ande; (b) at different

for E,J|c at different external magnetic fields applied parallebto external magnetic fields applied parallelt®.
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FIG. 9. Temperature dependence/oF/2f, for the configura-

tion of H,J|H|a* below 4.1 T. The peak fields are indicated by
dotted lines.

FIG. 8. Temperature dependencelof/f, (&) andAT'/2f, ()  tained so far. As displayed in Fig. &5 below Ty, is found

fo*r H.dla* at different external magnetic fields applied parallel to to be reduced by three orders of magnitude, which is much
a more conductive thaw .. Similar conductive features for
panied by many metastable states. It is unclear, howevethe high frequency response have been reported for various
whether the jumpstal K in €] and o5 relate to the meta- ground states such as SDWs, CDWs, and charge dispropor-
stable states or not. tionation (CD) in organic conductors.
In case of quasi one-dimensional conductor
C. Magnetic field dependence of the microwave conductivities (TMTSF),PF;, 0.61:1 in a microwave frequency range is sup-
for Hoda* pressed only one order of magnitude below the SDW transi-
In Fig. 8, a microwave magnetic field .. is applied par- tion temperature off gpy,=12 K.%637 For the drastic fre-
allel toa*, and hence an eddy current should be induced imuency dispersion o&5, collective excitations have been
theb*-c plane. Since the least conducting directiotfsas  identified due to the internal deformations in a radio fre-
shown in Fig. 2, an eddy current is expected to be so negliquency range and the phasorgat 0 around 0.1 cml. The
gible that the dominant contribution comes from a complexgielectric constant? also exhibits a large dispersion;°1at
magnetic susceptibility due to theandd spins. BothAf/fo 17 range frequencies to 1@t microwave frequencies. In
andAI'/2fo at O T are rapidly suppressed beldw, . With ,_(BEDT-TTF),I,, the insulating ground state below 135 K
increasingH applied parallel tea*, the MI transition tem- |\ o recently found to be associated with CD BgZ-NMR
peratures decrease. The insulating state disappears at 12 Jaasurement® The microwave conductivities at 10—600
and Af/fo and AT'/2f, take nearly constant values without Gz are much higher than the dc conductivity and include

depending on magnetic fields. the large dispersiof?. Variations of the dielectric constants
In the zero field data an anomalous peak, where the Mismaunt to the order of $0at 100 Hz—100 GHz.

crowave absorption increases, is observedifi2fo around  pgejow T, , we have already measured the dielectric con-

3 K, while the peak disappears above 6 T. As shown in Figgiants at low frequencies from 12.3 Hz to 104 kHz by a

9, the peak temperature and the height dependian a 66 terminal method utilizing a capacitance bridy&ig-

complicated way. The behaviors are quite different belowure 10 depicts the temperature dependence delow T, ,

and above 1.2 T. To note, the microwave absorptions beco o .
so large at 4.1 TH<5 T that the resonance shape deformr;]t%gether withe] at 16.3 and 44.5 GHz. In this low frequency

from a Lorentz curve, and hence we display only the data

below 4.1 T. At 6=sH<1.2 T, the absorption peak shifts to 104__12'3H ' Y ]
higher temperatures and the height becomes gradually small. Fans Hﬁ\‘ ov ! §*ﬁ A
At 2 T, the peak temperature becomes highest. The height [ 123Hz §$§ FERIN ]
tends to increase in the low temperature range, though the o 0% g ¢+ .
peak becomes suddenly broadened around 3.5 T. Since no W ;15_4KHZI ]
peak has been observed for the respondg,{in Figs. 4 and 10k, 1638H2
5, the peaks observed i, are attributed to a dynamic 10 ' \ﬁ \; 3
response due to spin degrees of freedom. P Wi it it 3

0 2 4 6 8

IV. DISCUSSION T(K)

First of all, we discuss the dynamic response in the AFl FIG. 10. Dispersion ofe; in the AFI state at frequencies be-
state, together with low frequency dielectric constants obtween 12.3 Hz and 44.5 GHz.

155105-6



RELAXOR FERROELECTRIC BEHAVIOR AND . .. PHYSICAL REVIEW B58, 155105 (2003

L L L file is basically explained by a two-sublattice model with a
[ el Anomalous 1 biaxial magnetic anisotropy. The spin wave is considered to
10r &‘;} metallic 5 be excited in the localizedr spin system due to extremely
e o state largeJ .., =448 K.1® The AFMR measurements confirm that
E’ canted AFl state < 1 the easy axis is parallel to the direction tilted by about 30°
N %] from c to b*, which has been pointed out by the torque
N AFl smex ] experiment$®>4® The intermediate axis is perpendicular to
i I AT S the easy axis in the* -c plane, and the hard axis is close to
0 2 4 6 8 10 a*. The spin-flip field is confirmed to bldg=1.3 T by the
T (K) frequency-field profile. Thél-T dependence belott g, de-

noted by closed circles in Fig. 11, is in good agreement with
FIG. 11. H-T phase diagram in the AFI state determined fromthe temperature dependence of the AFMR kot0 spin
the configurations oE,J c andH|la* (closed triangles E.Jlc and  waves along the hard axis. In the canted AFI state above
H|lb* (open squargsandH,J|a* andH|a* (open diamondsThe  H . the H-T dependence denoted by open circles was not
broken and solid curves are obtained from the dc resistivity andoynd in AFMR studie$>** The absorption abovélg is
magnetization. Thél-T dependence of the peaks in Fig. 9 is shown guributed tok=£ 0 spin waves. A vertical dotted ling & K is
by closed circle in the AFI state belolsz and open circles in the determined by the jumps observed in Figs. 4 and 6. Since
canted _AFI state abo_vlds_F. The dotted vertical line is determined there is no anomalytal K for the H,. configuration, as
by the jumps at 1 K in Figs. 4 and 6. shown in Fig. 8, the jumps for thE,. configuration corre-

range,e5 amounts to the order of $610*, which is system- tsr())ond to the charge degrees of freedom in localizeglec-
rons.

atically dispersive with frequency. For both 16.3 and 44.5 N c:
c . As shown in Fig. 3, there appears a sharp peak;imat
GHz, €} almost saturates to be about 45. Althoughin a T The low-f ©in Fig. 10 tends o | di
radio frequency range has not yet been measured, it is certair - € low-lrequencye; In Fg. enas 1o increase di-
vergently towardsTy, , suggesting a peak dt,, . In fact, it

that there exists an extremely large dispersioriin ) ) c :
The = electrons are localized beloW,,, whereas the is quite difficult to measure; approachingrly, , because of
' the drastic increase of the conductivity componentT,

present results obtained in§ and € indicate that ther c . by about q ¢ itude toaeth
electrons exhibit a highly conducting response to microwave’dc Increases by abou sevgnl3or ers of magnitude togetner
ith a temperature hysteres®® A noticeable jump of the

electric fields under high frequencies. From the temperatur@’ ) D o .
dependence gfS., a charge gap due to the localizationmof magnetic susceptibility also exhibits a hysteresis around

13 } i ; ;
electrons is evaluated to be\g, =14 (+2) K.2 The micro- T .= Furthermore, recent x-ray d|ffract|op _experiments
: ; have revealed that the lattice constants exhibit a discontinu-
wave energy is one order of magnitude lower thaky2,

ous jump afTy, ,*’ providing evidence of a first-order struc-

and consequently single particle excitations are negligibl L .
even if they exist. The present response could be attributed ifgral phase transition. Although a structural analysis has not

some unknown collective modes due to charge degrees Ft been made, a possible structural phase transition should

freedom in the localizedr electrons. According to the theo- "éduce the symmetry frorR1 to P1 uniquely. If this sce-
retical calculations, the transfer integrals aloagare de- hariois true, the Ml transition may accompany a ferroelectric
scribed byt,, tg, tas (=ta), andtc for four BETS mol-  transition as well as an antiferromagnetic transition sponta-

ecules in the unit cell. Among these, the larggsandt,, ~ N€OUsly. . _

generate a dimer characférConsequentlyr electrons tend Finally, we discuss the anomalous metallic state that
to localize in the intramolecular sites A and Aand charge €Merges ally <T<Tgy, where a huge dielectric constant
orderings might be induced in the conductiag plane. The is observed along, accompanying anomalies of the micro-

observed collective modes correspond to the dynamics Jrave conductiyit_ies as well. An analysis on ;he basis of Egs.
this charge ordering. (2) and (3) satisfies a Kramers-Kronig relation for a metal,

Figure 11 shows thél-T phase diagram for the MI tran- and then the suppression of relates to an enhancement of
sition determined by the present microwave data in additiore; due to causalitf.In this temperature range, the magnetic
to the results of the dc magnetoresistivity and magnetizatiogusceptibility follows a Curie-Weiss law ansf;, shows no
obtained so far by our group.The microwave data mea- anomalies within an experimental accuracy. On the other
sured in different configurations coincide well not only with hand, noticeable anomalies have been observéd,ain the
each other, but also the results of the dc magnetoresistivitgpecific hed#f and H nuclear magnetic
and magnetization. The detail of the diagram will be pub-resonanc@H-NMR).*>*° The specific heat exhibits a dis-
lished elsewher& crete jump with an extremely large magnitude, suggesting

The absorption peaks in Fig. 9 are plotted by open angome structural anomalies. AboV¥e,,, a single peak exists
closed circles in Fig. 11. The configuration bf,JH|a*  in the *H-NMR spectrum due to the hyperfine field between
corresponds not to a usual electron spin resondB&R), the proton nuclei andr electrons. AfTgy, there appear two
but to a parallel pumping to measike 0 spin waves. From different peaks for both sides of the main peak. With de-
recent ESR measuremefit¢'*the spin waves have been de- creasing temperatures, the intensities of both side peaks be-
tected as an antiferromagnetic resona@EMR) below Ty, come large. Since the main peak still remains even below
at frequencies from 23 to 110 GHz. The frequency-field pro-Try, the electronic state in the high temperature range above
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Tem COexists with the low-temperature phase that emergegnomalies are explained by a model in which the scattering
below Tgy . rate of the quasiparticles is rapidly reduced by the gap for-

Some charge transfer salts suchi@BEDT-TTF),l5 and mation. These microwave anomalies observed in the metallic

(TMTTF),PF, bring about CD, in which the*C-NMR states of heavy fermion com_pounds are cal_Jsed by low-
. 286 L temperature coherent electronic states extending throughout

shows a spectral splittinty:>* The splitting comes from the the crystals
appearance of two diffegtzantly chargeq sites of donor mol- 115 ahancement of in Fig. 3 takes place in a wide
ecules. In (TMTTR)PF;,> the dielectric constant takes a (emperature range in contrast to a sharp peak observed in a
peak around 70 K, which becomes broad and shifts to highgisyal ferroelectric transition. In SrTi3° a broad enhance-
temperature with increasing frequency. These behaviors ai@ent of e; continues down to 4 K, which is caused by a
quite different from a usual ferroelectric transition, becauseerroelectric fluctuation. A ferroelectric transition does not
the transition temperature corresponding to a sharp pealake place, but the paraelectric state is stabilized due to quan-
never changes by a frequency. The CD occurs in a wholtum mechanical effects. In the quantum paraelectric seate,
region of a crystal due to a long-range Coulomb interactionamounts to about 20 000 without a temperature dependence
and the dc electrical resistivity shows semiconducting or inbelow 4 K. Quantum paraelectrics, however, occurs in a
sulating behaviors. Thus CD should be incompatible with avhole region of insulating crystals, so that it is also difficult
highly metallic state as in the present system. In gesalt, to realize in Fe(/ salt.
p&. exhibits a metallic decrease B, <T<100 K, so that it The broad maximum oé in Fig. 3 is quite reminiscent
is difficult to assume CD developed in the whole region ofof a relaxor ferroelectric behaviét,which is characterized
sample. As mentioned previously, the dimer character is sigby an extremely high and dispersive maximum of dielectric
nificant to the Q2D electrorf8, and thus this system may constants. Relaxor ferroelectrics was observed in
exhibit an intrinsic instability against forming CD even Pb(Mg;sNb,3) O3 and related materiafé,the dielectric con-
aboveTy, . stant of which reaches the order of*1@everal insulating

It is empirically known thatp§. in FeCl, salt is several organic systems were recently found to exhibit a relaxor
times as large as that in isostructural Gagilt below about ferroelectric behavior, for instance, in tetrathiafulvalene-
Tew. > This discrepancy may be related to an emergence ap-chloranil salt with dopant trichlorg-benzoquinor€ and
the anomalous metallic state in FeGhalt. Fromo§; at low  Poly(vinylidene fluoride-trifluoroethylenecopolymer after
temperatures, the plasma frequenay is estimated to be electron irradiatior?’ AIthough ‘many theoretical mod_els _
about 18° Hz, which is much larger than the present micro- hqve been pre;ented, the origin of relaxor ferroelectrics is
wave frequency. According to a Drude-Sommerfeld theonystill controversial. _
for a metaf* conduction electrons instantaneously shield a  Crystal structures of relaxor ferroelectric systems hardly
dielectric polarization, if it emerges, and a positive dielectricchange in general, whereas the local symmetry in polar
constant is never induced at lower frequencies tign We ~ MICrO-r€gions or nanoregions varies from the original sym-
believe that the present electronic system may self- metry_ in an overwhel_mlng region. Recent x-ray diffraction
decompose into two different states beld,; one main- €XPeriments on a single crystal of F@C‘*%Lt observed
tains the metallic conduction, and the other maintains dielec@nomalies of the lattice constant alongt Ty, while it is
tric anomalies with a less metallic region. This phasenOt clear at present whg?her the lattice anomaly is caused by
separation may manifest as a domain or stripe. The aforéj__nlform structural transition or not. Moreover, the peak pro-
mentioned character of CD probably plays a significant roldile of the (6207) Bragg reflection becomes deformedTay,
in leading domain or stripe structures. To note, no anomaly~ 1< Trm- ~ These facts experimentally indicate that dielec-
has been found in the metallic state of Ga4lt?® so that ~ tric domains or stripes emerge inhomogeneously in 4he
the 7r-d interaction in FeGJ salt must make some essential €/€ctronic systems of the crystal. The present inhomogeneous
contributions to the anomalous metallic state. The interactioftates afly <T<Tgy might be similar to a metal-dielectric
between localized spins andr conduction electrons can be COmMposite with a percolation threshold of conductivity. Al-
regarded as a Ruderman-Kittel-Kasuya-YoshidRKKY ) t_hough the origin of the mhomogenelty has not be_en_c_lan-
interaction®® It is quite interesting to investigate the roles of fied, the anomalous metallic state should play a significant
a RKKY-type 7-d interaction to the dielectric anomalies in role as a precursor to a transition to a ferroelectric state in-
the anomalous metallic state, though further experiments afgrconnected to the antiferromagnetic and charge orderings
necessary to solve this novel issue. below Ty .

Anomalies of the microwave conductivity have been re-
ported for metallic states of various highly correlated elec-
tronic systems® In heavy fermion compounds such as e have presented our microwave results at 44.5 GHz for
CeAl; (Ref. 57 and UP$,® o, exhibits a large frequency both the anomalous metallic state and the AFI state in
dispersion centered ai=0 due to Kondo lattice formation. \-(BETS),FeCl,. AboveTgy,, there are no anomalies in the
The temperature dependence of the microwave resistivityhicrowave response, while the microwave conductivities are
01’1 starts to deviate from the dc resistivity proportional to found to be highly anisotropic due to the configurations of
T? at low temperatures. In CeNiSn, known as a KondoE,.. At T\, <T<Tgy, the emergence of an anomalous me-
semiconductor? o, exhibits an anomalous increase and tallic state, confirmed in the present study, was first observed
becomes lower than the dc conductivity below 10 K. Thein the previous microwave measurements at 16.3 GHz. A

V. CONCLUSION
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remarkable response appears aleng; is enhanced to the frequencies. The dynamic response is attributed to collective
order of 16, and o becomes resistive in contrast &f.. =~ modes associated with charge degrees of freedom. From the
Both the dielectric and conductive anomalies indicate larggemperature dependence®f and €] underH applied along
anisotropies depending on the orientation&€gf. The broad a* andb*, theH-T phase diagram of the AFI state is deter-
peak around 30 K is reminiscent of relaxor ferroelectric be-mined, and it is independent of the field directions and coin-
haviors. The origin of the anomalous metallic state is un<ides well with the phase diagram obtained by the dc mag-
solved at present; however, the huge dielectric constant mayetoresistivity and magnetization. The magnetic field
be attributed to the formation of dielectric domains or stripesdependence of the width change fdrd|H|a* shows an
with less metallic conduction in ther electronic systems. anomalous peak, which originates from spin waves excited
The anomalous metallic state is an extremely unique phase ®n localizedr spins.
that the dielectric, magnetic, and conducting properties of
andd elt_actrons interplay with each _other. In _orpler to _clarify ACKNOWLEDGMENT
the origin of the anomalous metallic state, it is desired, in
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