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Threshold electric field in unconventional density waves
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As it is well known most charge-density wav@DW'’s) and spin-density waves exhibit nonlinear transport
with well-defined threshold electric fiel; . Here we study theoretically the threshold electric field of uncon-
ventional density waves. We find that the threshold field increases monotonically with temperature without
divergent behavior at., unlike the one in conventional CDW. The present result in the three-dimensional
weak pinning limit appears to describe rather well the threshold electric field observed recently in the low-
temperature phase of-(BEDT-TTF),KHg(SCN),.
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. INTRODUCTION SDW but a kind of CDWA'*8Indeed theH-T phase diagram
of the LTP in «-(ET),KHg(SCN), determined by magne-
A striking feature of superconductors discovered afteroresistance measurement is very similar to the one of Fulde-
1979 is that they are mostly unconventiohalhe case of Ferrell-Larkin-Ovchinikov (FFLO) staté®? in a d-wave
d-wave superconductors for both the hole-doped anduperconductot* The FFLO in a d-wave superconductor
electron-doped higfi;, cuprates is now well establishéd  extends to much higher magnetic field than the ones-in
Also most heavy fermion superconductors and organic suwave superconductofg:°
perconductors appear to be unconventiGnal. If we assume that the Pauli paramagnetism is driving the
Therefore it is very natural to consider unconventionalmagnetic phase transition, the T phase diagram of UCDW
density wavegUDW) within this general context. In con- s the same as the one indawave superconductor. Also we
ventional density waves the order paramet&r(k)  shall see later tha in UCDW describes well the threshold
(i s¥k—q.0) 1S independent ok. In UDW A(k) is no electric field observed in the LTP af-(ET),KHg(SCN),.
longer constant, butc cospk) for example. Recently a Therefore we may conclude that the LTP of some of the
model of unconventional SDW was proposed and its thermoe-(ET), salts is UCDW.
dynamics and optical properties were studigd:
The object of this work is to study the threshold electric
field of UCDW and USDW associated with the Rlizh con- Il PHASE HAMngfEhg?glé’\::?EIgE THRESHOLD
duction of UDW. This is motivated by the threshold electric
field E; measured in the low-temperature phdk&P) of In terms of the phase®(r,t) of DW the phase
a-(BEDT-TTF),KHg(SCN),,'2 where the LTP appears not Hamiltoniarf**is given for finite temperature by**
to be conventional DW. There is no x-ray or NMR signature

characteristic to the conventional charge-density wave 5|1 L[9P\2 L [aD\Z L [9D)\?
(CDW) or spin-density wave(SDW). E+ in this salt in- H(‘D):f dr ZNOf UF| ox Tup W Tug 9z
creases monotonically with increasing temperature some-

what similar to the one observed in SDW of Bechgaard salts a®\?

(TMTSF),PFR,.2*"*®* However the details are quite different. +(E) —4veeED +Vimp(q))]' @)

At low temperature the observds increases linearly with
T. Also the enhancement at, is much larger than the one whereN is the density of states in the normal state at the
observed in SDW of Bechgaard salts. The nature of the LTRermi surface per spirf,=pg(T)/ps(0), wherepg(T) is the
of a-(ET),KHg(SCN), is not well understood despite many condensate density artlis an electric field applied in the
studies on the magnetoresistance, the Schubnikov—de Hadsection. Herevr, v, andu . are the characteristic velocities
effect, and the Haas—van Alphen effétRoughly speaking of the quasi-one-dimensional electron system in the three
a-(ET), salts may be put into two groups: one supercon-spatial directions. For UDW the condensate density is the
ducting and another with this mysterious LTP. same as the superfluid densitydawave superconductofé.

It appears that-(ET),MHg(SCN), with M=K, TI, and Now let us consideYy,,(P), the pinning potential due to
Rb belong to the group with the LTP. At least the sensitivityimpurities. It is immediately clear that if we consider point-
of the LTP to magnetic field indicates that the LTP is not alike scatterers§ wave), the potential would be zero at every
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o 2kem , 16
K-Q EF(0)=— N3VoV,— 0.5928(0), 4

and for general temperature it is obtained as
U(Q+k-X)

EXT)  ps AT) 1 (1 BA(T)X
ES(0) po(T) A(0) 0-5925fo AT

iy,

X E(V1—x?)[K(x)—E(x)]dx. (5)
FIG. 1. The diagram of the lowest-order contribution of impu-
rities to the pinning potential is shown. The solid line denotes theAt low temperaturé? increases linearly witfl sincepg(T)

electrons, the crosses denote the impurities. is linear in this range:

order in the impurity scattering due to the zero average of the E?(T)

gap. Beyond this approximation, one can take other wave- £50) =1+2In Z_A(O)’ (6)
vector-dependent terms into account, originated from an ex- T

pansion in terms of Fermi surface harmonics, which argnd the other quantities change Iik&. At T, Eq.(5) gives
plane waves in our quasi-one-dimensional orthorhombic sys-

tem. Indeed such a model has been introduced by Haran and ES(T,) B T
NagP® in order to describe the defects introduced in high- oo ~1.793, (7)
it : ; S 7¢(3 32%x0.5925 '
cuprates by electron irradiation. In fact this model is success- E7(0) {3 \/57 .
fully applied to formulate the upper critical field of the " )
electron-irradiated YBC®*~28 where y= 1.781. Close to the transition temperatte in-
The form of the important matrix elemetwith the wave ~ ¢reases linearly:

vector close to the nesting vectaeads as S S

EX(T)  E3(Te) T

s = s 1-0421——||. (8)
E30) E3O0) Te

U(Q+a)=Vo+ X Vi cogq;s), 2
=Y.z With its T=0 K slope, the normalized threshold field would

) ) reach 1.64 af ., so it is almost linear in the strong pinning
where the higher harmonics are neglected because of thgjmit.

smaller coefficient. The first-order term in the pinning poten-  The strong pinning limit implies that the pinning potential
tial vanishes because of the wave-vector dependence of thl§ SO Strong that one sing'e |mpur|ty is adequate to p|n the
gap in UCDW, while in USDW it vanishes already due to ycpw. The applicability of this concept has been
the sum over spins. In the following we assume that the gaguestioned recentf§?. On the other hand, unless impurities

of UCDW is given byA(k)=A coskb). Note that we can  are introduced by x-ray irradiation or by some violent means,
obtain identical results witlA (k) = A sin(k,b) and for a gap

dependent otk, as well. 18 . . . . . . . . .
The lowest order nonvanishing diagram contains a closec
loop with two crosses of impuritieésee Fig. 1, and the 181 1

pinning potential is obtained as

8V,V, N2 7 ]
Vimp(q)):_$ 2 cog2[QR;+ P (R)T}A(T) s, )
S
L BAX e
xfotanh 5 E(V1—x9) .
X[K(x)—E(x)]dx, €) 4

where A(T) is the temperature-dependent order 2
parameter;"**R; is an impurity siteK(z) andE(z) are the
complete elliptic integrals of the first and second kind, re- © ¢t 02 03 04 05 06 07 08 09 1
spectively. Note Eq(3) is similar to the one for SDWRefs.
13 and 14 except for thex integral coming from thek FIG. 2. The normalized threshold field plotted as a function of
dependence of the gap. Then following FER? in the  the reduced temperature in the strong pinridashed-dotted line
strong pinning limit the threshold electric field B0 Kis  and weak-pinningsolid line) limit. The circles are the measured
given by values ina-(ET),KHg(SCN),, the points are the error bars.
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the weak-pinning limit appears to prev&ilThen for the 3D [ll. CONCLUDING REMARKS

. . . . " ’23
weak-pinning limit we obtaif? Within the theoretical framework developed in Ref. 11 we

w S 4 study the threshold electric field of unconventional CDW.
Er(T) _ Ex(T) 9) The present result for the 3D weak-pinning limit appears to
EY(0) ES0)/ describe the data taken from the LTP of

a-(ET),KHg(SCN), satisfactorily. For this we need impu-
The threshold field is shown in Fig. 2 together with the datarities with anisotropic scattering amp|itua%?0 Together
taken from Ref. 12. We see that the 3D weak-pinning limit iswith the H-T phase diagram which is very parallel to the
qualitatively consistent with the experimental dafehe fit-  FFLO state in UCDW, the present result indicates strongly
ting was made by taking into account the much smaller exthat the LTP ofa-(ET),MHg(SCN), with M=K, TI, and
perimental error at lower temperatupel other words, un-  RBis of unconventional CDW. In this respect a further study
conventional CDW appears to describe the LTP ofof the threshold electric field in the presence of magnetic
a-(ET),KHg(SCN),. Also the present result applies also for field will be of great interest.
unconventional SDW. On the other hand there is an obvious
discrepancy ag approaches.. Coulomb hardeningnot ACKNOWLEDGMENTS
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