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An organic thyristor

F. Sawanu I. Terasaki' + H. Mo ™ i o Mari*. M. Watanahe-’, M. lkeda®, ¥. Ngami'."? & ¥. Moda®

Thyristors are a class of nanlinear dlectronic device that exhihit
histabde resi is, they can he switched hetween twn
different conduciance states'. Thyristors are widely used as inver-
ters (direct to alternating current comverters) and for the smonth
control of pavwer in a variety of applications such as mators and
refrigerators, Materials and structures that exhibit nonlinear
reststane of this sort are not only nseful for practcal applicstions:
they also provide systema for exploring fundamental aspects of
solid-state and statistical physcs. Here we report the discovery of
a glant nonlinear reststance effect in the conducting organie salt”
B BEDT-TTF) s SCN), the voltage-current characteristics of
which are essentially the same as those of o conventional thyristor.
Thisintrinsic ornganic thyristor socks as an inverter, generating an
altermating current when a static diredt-current voliage is applied.
‘Whereus corventional thyristors consist of a series of dindes ( their
nnlinearity comes from interfice effects at the pon junctions),
the present salt exhibits giant nonlinear resistance as a bolk

. We attribute the origin of this effect to the current-
induced melting of insulating charge-order domains, an intrinsi-
cally non-equilibrium phenomencn in the sense that ordered
donaing are melted by a steady fow,

The organic salt §-(BEDT-TTF)Calof SCN], is known as o
charge-srdered conductor’. BEDT-TTF stands for bis{ethylene-
dithie - tetrathiafulvalerse, whise molecular strocture s schemati-
cally shewn in the inset of Fig. 1o This salt is & lapered material
composed of conducting BEDT-TTF layers and  insulating
CaCol SN, Lovers alternately stacked along the b axis, The Greel
letter f specifies: the packing pattern of BEDT-TTF molecules i the
annducting layver, reprewenting 2 “trangular lattice’ m this case. On
the trangular Laatice of BEIT-TTE one bole exists for every twe
minbecules, which tends to be bocalized at b temperatures owing ko
Coulomb repulsion, hence the charge order™’ In this particular salt,
different pattemns of charge order compete™” and freen: |n|1mnr@-n
eously without any thermodynamic transitions™, Previoushy',
discovered giant nonlinenr resistance in the related organic salt
B BEDT-TTF),Cs¥nd SCNL,. The beaxis conductance abruptly
jumped at a threshold dectric field to a value W60 tmes Langer, but
its mmicroscnpic ovigin was left to be explosed, Here we address its
origin and report an the discovery of 2 unique phenomenon, the
generation of an albernating current (¢, } Fremma static disect-cument
[dc.) voltage in a bulk single crystal.

T singgle orystals {aamples Bl and B2} were prepared wsing a
eharestaric anodic eddation method. The detailed grosetls con-
datiors and thear charmcterization are deseribod dsewhere?. The
dimenaons of Bl and B were .09 3 00083 035 mm’ and
(.19 3 007 % 052 mm’, respectively, with the shortest dimensaem

alomg the b axis { the miedayer direction)_ Usimg these, we can easily
enrert the resistance, current and valeage inen resistiviey, curent
density and electric fidd. However, for the sake of clear under:

srmdmg,, wee choase to showr only rawe values in the present paper,

hecawse these are tightly bound 0 the measurerment eonditions, as
will b slonem later,

The valtage-current charmcteristics were mensured by a fwo-probe
rnethied in series with o metal-ogide film resistor of knean resistance
(stardard resistance Ry, see Fig. Lo) from 4.2 to 20K ina liquid He
cryostat. The onntact resistance was 10-50 0 at room femperature
(300E), more than 100 times sraller than the cmple redstance
bedear 20K The s, vesiponse was reconded by a digital oscillosoope
aquipped with a numerical Bst Fourder transform (FFT) function

Figure la shenws the noaliner wesistance V,, 000, that is, the

Saple A1

Figura 1| Nanlinear resistance Vouyie/l o 6F 0 0=(BEDT-TTF)CaCaiSCN)L
crystal {sample BT} at 4.2 K. The exicrnal sumrent I, is along the b axis
tinterlayer directian ). 8, V gmppal oo measured i comstant Vg across the
sample with a standard resistance R in series. A schematic drawing of the
BEDT-TTF mnlecule is shawn in the inser. by, Vo'l messured in
constant exvernal current o € Schemati figurs of the measurement
cundiguration.
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Figure 2 | lswestar (d.e-ae. eanvarsion) phesamena in 1-(BEDT-
TTFIzCsCe{SCNLs measured at 4.2 K. a, Nenlincar resictance Vg o
of the 0-(BEDT-TTF}C4CoISCN by crysial {sample B1} along the baxis
dirvction asa function of Vg, b, The a.c. voltage componant acness R g for
varieus Vi, & FFT spectrum af b,

ratio of the voltage scrss the sample Vo, g, 0 the external current
T The data were taken at 4.2 K in constant V... conditions (see
Fig Icl and are plotted a5 8 function of Ve, Similady to the

i ™, Ve L shonvs & drastic jump o a certain veltage a3
well as lypsteresic. Clearly, the threshold wiltage depends on R,
indicating that neither the tweshold l-|‘||t:|g|. inor the threshobd
electric fidd s intringde to the sarngple, 1
Fig, 1, ¥, a1 ineonstant I'.‘C\(Iﬂlilllrll'!ilﬂ'[h!l i1
af R, which srongly suggests that the constant {, condi-
tions caplure the intmmsic propertics. A% shown o the meet of
Fig b, sample Bl shows a sharp negative denvative |u|.1|a|.cn.
dn it el = 0] for 1 1077 A =210 A The
_— haracteristics are essentially tlu- same a5 those of
tlwnsdnrt.. lTk‘llnhng ||1.1I:I|wpnwnlmg;mlrmlhmrl\s:\.‘.mnrpmc
tlyristor—an intrinsic dectronies component

Swrprisingly, sample Bl has also proved o work as a de—ac
inverter. Using the same sct-up as in Fig Lo, the ac woltage
compoment across. the standard resistor (R, = 1,058 0] was
rreasured in variows de Vo, values at 4.2 K. As shown in Fig Zs,
thee nomlinesr resistance shows an abrupt jump bebween Vo, = 61
and 5% In exacthy the same ¥V, mange, a lange ac sipnal of
40Hz suddenly appears (see Fig. by, The observad oscillaticn is
nearly sinusoidal and has mo significant ligher harmonie come
prments excepl for the second-order one, 25 dwwn in the FFT in
Fig. e Because Fag le s an equivalent set-up for cument-nose
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Figure 3 | Wal characteristics of a second A-(BEDT-

TTFIEsCadSCHD 2 crystal (sample B in comstant external carrent | at
warious temperatures

mecasuernents, the data in Fig, 2hmight becallod neise, but what e
observed here is not noise in this case a 40-Hz oscillation is
sporitaneoushy induced by a constant d.c. flow, as found in manu-
factured inverter devices,

We can understand the inverter meclanizm in tenns of the
abserved nondinear resstance as follows. Solutions of 1., for 2
given V. zud-.u:rmuu]gmp]md.h by an mtersection of V', up, =
Vi — Baales and Vo =il m the LoV plane, where
Fid,, 1 i grven by the inset of g, Th T, can take theee solutions {mme
s unstahile, the ether two are siable) for 2 certam range of V, "_ In
addition, we expert a capacitive compement arising from the large
dielectric constant’’, which shifts the phase of the ime-dependent
curvent to enable the current demsity scillate in between the two
stahle solutions'. A similar oscillztion has been observed in the Guan
diede at high valtages, known as the Gunn effoct'. The osdillation
period of 40 Hz & detenmined by the switching frequency bebwam
tlwe lowe- and high-current states,

We nenw discuss the origin of the giant nonlinear resistance,
Figure 3 shows the remperature dependence of V. in sanple

L

i
al 0%
LT (R
Figure 4 | Monlinear resistance V gl o plotted as 3 function of 17T for
warious ey The data are taken frem Fig. 3. The solid lines are fics v an
selivated transpoet using low-lemperaline isee et In the inset the
sclivalion encegy devaluated fram the colid Bnes is plaited s a usction of

I Error hars represent the anshiguity in the fits, and show =od
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Figure & | Diffuse scattering ivtensities for 5-(BIDT-TTFIEsTn (50N 5
with various external amrents applied along the c-avds direction at
AZK. The intensily i platted as a lunclios of & {along the b direc

units of the reciprocal Binice censtant. There are two diflwse coreal
&y = (200 & 1/3) and gy = (&, &, 112} correspanding i charge arder
dnmains with different patterns. Figures Sa and b show the imtensi
qz + Grand my + G, respectively, where G = (2,1, Viand Gy = {3, 1.00are
reciprascal lattice veciors chosen suitably for the messurensent conditions.

Whereas ihe qu = G: sireak has a finiie interlayer correlation. the qq + Gy

sareak daes ot

R, With irrmw'ns temperature, the n;ﬁntiwde'riwriw resistance
rapidhy fades mvay, although the nonlinar resistance surdves up ko
higher temperatures. At low temperasures, charge-ordered domains
hegin to appear, W expet the change order to be charaoterized by a
cnnstant energy gap 4, although the phase may have o long-range
airder, Then the charge transport should be of activation-type with an
activation encrgy —A.To include the giant noalinear conduction
effect, we allew A to be dependerit on L, and propose the following
phenomenolngical eopression:

Vanpe T = Benexpldy, T+ By Iy

where R and By are the resstances for the change-ordered and
cnmducting electrons, respectivedy. At low ternperatres, we can safidy
meglect By and the termperature dependence of ;. Then V000
otted e bogarthmic scale asa functionaf 1T gves 4, asshein
in Fig. 4. The data showan upward curve, which isconsstent with the
termperature dependence of the reastivity of the charge-density-wave
material K, MoC), {rell 130 This arses from a mpid grosth af the
gap dp below 20K, and the tempemtore-independent 4, —that i,
_!|.|I,c, i == Al 0 —ix onlyvalid for T =2 2K 'A\t'l'-:a.uﬂ.sdnnllx'

1o dependence of 4, 2t 4K, sowe evaluated the mlgnlhld-'nf_t..
'h\. fitting the daea ose tn 4 B with the solid lines indicated in 15 Fig. 4.
Wote that the slope, which is aqual to 4, /by, decreases with
increasing [

The value of & extracted from such analysis is plotted as 2 fanction
of 1, in the inset of Fig. 4, 4%, for L, — 0is 13K Thisvalue is close
to the temperaturs T B hefora whiich the resistivity rapidly
increases (4 signamure of the growth of the charge order], thus
validating to some extent oar evaluation of 2. It should be empha-
sized tluat A docreases roughly ey with ircneasing [, suggesting
thar the Lmnmlcu.rmn |a|:uiluw|:-pnm.~=.dudmg.nmh. An.mu'd-
ingly, negative dervative resistance can occur when the suppres@ion
of exp{ Ak T] i 20 raped that Loexp{a/k T] becomes 2 decreasing,
functiom of [,

We note the Toallemwimg (1) The regative datvalive resslance was
whmerved also i the in-plane (caxe) direcion, Thus, the veltage—
current characteristics discussed here are not an intedayer effect. {2)
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Essentially sdentical vollage—current chamctenstics were observed m
- BEDT-TTF)Can(SCN D, along the b- and c-axis directions,
wliich are therefire inberent o the Cs gt Sore samples dhined &
smilar a.c. cscillation from dc mpat. (3) The mesurements m {1}
ared {2} abowe were dome in a four-probe configuration with a pulse
current source, which indicates tlat the intrinse thyristor effects ane
free from the comtact resistance and heating effects.

Finglly, to clarify the melting of the charge order by extermal
currents, we show diffrection dara under different a|:|:liml ST
For the expernmental requirements, we used #-(BEDT-TT
Ll SCN Y with the external current applied almgﬂu'rl‘lln-rhnn
re 5 shows doe curent dependence of the diffuse scattering
intensitios ab g, = (33, Lk 13) and g, = {0, & 1/2) 21 12K, which
correspand mdiﬁun-nrrllugemhv<hm1im competing with eacls
ather™, The intendiny vwas 1O time weaker than that of the lattice
Brags :\.!'L.n.‘hcm. s we wied 2 four-arded diffmactometer {wave-
length A = 0083 nm} and synchrotron rmdiation as an X-ray source
at BLOZE1SPring-8, Japan {(details in the legend to Fig. 50 As is
dlearly shown, g, loses 115 intenzaty with inereasing carvent, while g,
remains nearky intact. The external current FUppTesses mainty tle
change ordering with the g, modulation that i responsible for e
insulating behavious™", eonsistent with the current-dependent 4
Fig, 4.
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Optical isotropy and iridescence in a smectic

'blue phase’

Jun Yamamota", Isa Nishiyama'. Miyoshi Inoue' & Hiroshl"foknyama]"

When liquid crystal malecules are chiral, the fwisted strucure
with spatially uniform liquid crystalline orders, result-
ing in a variety of modulated liquid crystal =uch ns the
choldesteric hlue phase', twisi grain hoanda and smectic hlue
phases®. Here we report a ligquid crystal smectic blee phase
(SmBR,,,), formed from a two-coniponent mixiure containing a
chiral monsmer and a “twin® containing two repeat units of the
first modecule comnected by a linear hypdrocarbon spacer. The
phase exhibits the simultameous presence of fnite local-onder
parameters of helioes and smectic bayers, without any discontine-
ity on a mesoscople length scale. The anomalons softendng of
elasticity die 1o a strong reduction in entropy camsed by mixing
the monomer and the twin permits the seamless coexistence off
these twn competing liguid crystal oeders. The new phose spon-
taneoisly exhibils an optically isstropic bul uniformly imdescent
colour and automatically acquires spherical symmetry, so that the
nssaciated o hamnd maintzins the same
despite Ilul*l:n:'Tilrud crystalline order. We expect ng
unnsual n'lm::l transmission properties hased on thi
dimensional isotrapic structure, and te tunahility due o
the intrinsic softmess and responsiveness of the liquid crystalline
arder against extermal fields,

We have designed a two-component misture that consists of a
chiral monomer (3BIMT) and its twin (BMHBOP-6)™, The twin
conaits of two equivalent monormer unite connected by & linear
Iq.k].w:n,aulmn spacer, & e in Fig. 1OWe termied it a cormmensu-
vane” rixmure becanse the length ofthe o sty twice that of the
praonomier. W Found et mindng the twin into. monormer i appar-
ently equivalent to the intrduction of connecting chaing between
vt moncmers, wlich frees: the motion of the monomers., There ane
Bwi comcenbiz boms—,,, and @ _—that are equivalent to the concen-
tratinns of the monomer and {RLE} enantinmer in the twin com

i, respectively,
m\‘:}* nnlj:ht six modulated phases appear in the mixture, as
showm in the phase diagram (Fig. 13, but only the isotropic liquid
{Iso} and smectic-A (5,) phases appear in 2 pure monomer. We
identified three different SmBPs—SmBPy,, SmBPy; and SmBP,..
They appear to be dimilar to the previoosly reported phases SmBF,,
SmBP; ard SmBP., respectivehy™, We also identifiod a fourth smectic
bilue phase, SmBF.. A charascteristic festure of SmBPy,, is that it
exlibits a completely unifrm colowr under & polaisng microsoope
without amy type of macresoopic partens or testure. Moresver, the
wobour does ot charge when the sample i potated in sy disection,
This presees thar SmBF,  bas a completly Botropic optical propery.
1t showuld be noted that SmB#,, an be detected only wathin a very

narrow rangy of g, from 065 10075, SmBPy, and SmBF,, can be
distimguishied deady from SmEP,, by thar dhamcteristic platelet
textures, a5 showr in F'ig, Jaand b n-qwtiwl.\r.

Thuring the conling process, SmBP., appeared beow 127 °C and
was identified by the appearance of a rm iridescent colour, as
swm in Fig. 2h The wavelength of the colour increased with a
decrease in the temperature, which is 2 unique feature independent
of both ¢, and & The platelet texture of SmBP, ; appeared below
124"C, Thiring, the reversible heating process, the platdet texture
spontaneoushy melted abowe 12470 which is the temperature at
which the uniform colour dissppeied during the cooling process,
ity the unifrmly codowred testure of SmBF, . The emperaore
dependence of the colour of SmBPF,, was identical for botl the
wooling and leativg processes, and mo bysteresis was observed,

Thus, Fig. Zh pronades pan crucial experimental resuts. Frst, 211
plises |SmBPy,, SmBPy and SmBPy ;| can be proved 1o be thermal
equilibrium phases because both phase tranations—SmEP,, 1o
Smb®,, and SmBP., to SmBP —were confirmed o be I]u.nnn-
dymarmucally reverahl ‘n.n.nmd.ﬂuw:dmpluu!un.nl"tnli?,._.
frorm an inherent feature af its inkernal stricture, and it is not n'L'\Md
tr the existence of a polyerystalline structure during, the dynamical
poscess of phase trarsition. The phase trarsition |;|nj¢'ﬂnurd1nnp"|
is quite smoath and rapid withot any fime delay during the
mucleation or crystal-growth processes,

Spectroscopy experimerits with polarized visible light revesled thar
bth the eiptical rotatory penver and transmitted light intensity of the
linearly polarized light in SmBP,.. ehibited a large wavdangth
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Figure 1| Phase diagram for the twin/monomer misture. Lzfi, the

Eralioh |l eight, the aplical purity 16,0
dependence af the bwin by Guing 6, = 0.7, The TGH and NL* phases can
wcasily e identified under 3 polarizing misrnsmme becanse af their large
optical anisstropy and characteristic patterns. The msrt shows the
molecular formulas of the pein (EMHBOP-6) and monemer (IB1M7),
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