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Abstract.

Recently many people discuss unconventional density wave (i.e. UCDW and USDW). Unlike
in conventional density waves, the quasiparticle excitations in these systems are gapless. The
appearence of these systems suggests paradigm shift from quasi 1D system to quasi 2D and
3D systems. Here we limit ourselves to the angular dependent magnetoresistance (ADMR)
observed in the low temperature phase (LTP) of ce-{ BEI¥T-TTF 4 KEHg[STM}4. Here we show
that UCDW describes successfully many features of ADMR as manifestation of the Landau
quantization of the quasiparticle spectrum in magnetic field. Indeed ADMR will provide a
unigue window to access UDW like the AF phase in URu»Sis, the pseudogap phase in high 7%
cuprates and the glassy phase in organic superconductor -{ET]: salts.

1 Introduction
As is well known the quasi-one dimensional electron systems have 4 canonical ground states [1-4]: s-

wave (spinsinglet) superconductor, p-wave (spin triplet) superconductor, charge density wave (CDW)
and spin density wave (SDW). All these states have quasiparticle (QP) energy gap A and their QP
density decreases exponentially at low temperatures (' <« A). Also the thermodynamics of these
states is practically described by the BCS theory of s-wave superconductors [5]. Indeed except for
p-wave superconductor these ground states have been found and their properties are actively persued
even today.

However, since 1979 a new class of superconductors have appeared on the scene: heavy fermion
superconductors (1979), organic superconductors (1979), high 7, cuprate superconductors (1986),
Sr,Ru0y4 and borocarbides (1994). Is is now well-known that most of these superconductors are
unconventional and/or nodal [6,7]. Indeed superconductivity in high 7, cuprates, CeColns, #-[ET 4
salts are d,2_:, the one in UPt; and SrzRully are triplet f-wave [8]. Therefore unconventional
superconductivity takes center stage in the physics of the 21st century.

Parallel to these developments it is very natural to consider unconventional or nodal density waves
[9-12]. Indeed we believe that the low temperature phase (LTP) of a-(BEDT-TTF);KHg(SCN),
[13-15], the AF phase in URu,Si, [16,17], the pseudogap phase in high T, cuprates [10, 12,181 and
the glassy phase in #-[ET]s salts [19] belong to UDW.

2 What are UCDW and USDW?
Unlike conventional density wave the energy gap A(k) in UCDW and USDW depends on k, the QP

wavevector lying on the Fermi surface. In quasi 1D systems the k dependence of A(k) is mostly
- cos(bky), where b is the direction perpendicular to the most conducting one. Then UDW has
clear thermodynamic signal as in usual mean field theory. In particular most of UDW has the
same thermodynamic property as the one in d-wave superconductor [11,20}. Further the transition
into UDW is metal to metal unlike the one into conventional DW. In the latter case it is metal
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to semiconductor. Also unlike in conventional DW there is no clear X-ray signal or spin signal
indicating the transition, since {(A(k)) = 0. Here (...) means the average over the Fermi surface.
For this reason UDW is an example state with “hidden order parameter”.

We have a few more candidates for UDW than mentioned earlier. For example it is known
that ADMR in SDW in [TXTSF}:PF; behaves quite differently across T = T*(~ 4K at ambient
pressure) [21,22]. For T > T* ADMR is described in terms of quasiparticles with imperfect nesting
in a magnetic field [23]. On the otherhand ADMR for T < T can be described if we assume
USDW on top of the existing SDW [24]. One necessary condition for the existence of UDW is higher
dimensionality and competing interactions. The existence requires delicate balance between different
interactions [11] and their detection requires more subtle experimental technique.

3 Angular dependent magnetoresistance in
a-(BEDT-TTF ), KHg(SCIN),

The LTP in a-[ET):MHg{=CM 1y with M=K, T1, Rb is still not completely identified. The destruc-
tion of the LTP under magnetic field clearly favours the CDW scenario, although no spin or charge
ordering has been detected. The presence of the nonlinear conductivity and the temperature depen-
dence of the threshold electric field is interpreted successfully in terms of UCDW [13-15]. It is well
known that the magnetoresistance of the LTP exhibits surprising angular dependence [25-27]. But
the origin of this phenomenon remains elusive. In the following we show that UCDW provides simple
description of ADMR [28]. As is well known, the Fermi surface of -[EET)z salts consists of quasi 1D
and quasi 2D portions We assume that UCDW is formed on the quasi 1D Fermi surface with QP
spectrum

E(k) = v/ vrlks — kg))? + A¥{cos{ck,1)? — e, cos{2b'k), (1)
where vp, A and gy are the Fermi velocity paralle to the a axis, the UCDW order parameter and
the imperfect nesting parameter, respectively. Nesting of the quasi 1D Fermi surface was detected
recently by X-ray scattering [29].

In the presence of magnetic field B tilted by # from the b axis by ¢ from the a axis in the a —c
plane, the QP spectrum changes into

E, =+ ?uavce|H cosf|n — g exp —2€Cb e|B cos(#)|(tan(8) cos(¢ — ¢g) _ 1:m[ﬂ.1fl,'"] , (2]
F
where n =0, 1,2, .... The above spectrum follows from Landau quantization of the QP orbit {9}.
Then for 2£, > 1(1/8 =kgT), the magnetoresistance is given by
(te 2T 3
R(B,0) =@ a)?—efl'] + =)' @

where z = 3E; and a is the relative weight of the 2nd channel (i.e. 2D Fermi surface).

In Fig. 1, we compare the measured ADMR with the theoretical expression for current parallel
and perpendicular to the a — ¢ plane for a magnetic field lying in the diagonal a — c direction (i.e.
@ =457). As is seen, the fits are excellent. However in order to describe the multidip structure, the
imperfect nesting term (i.e. the second term in Eq. (1))has to be generalized as

encos(2b'k) — 3 &, cos(2blk) (4)
n

with b}, = #'{zind, cos &y, sin #smmg, cosd,), where tanfl, = tanfy + ndy, tanfy ~ 0.5, dp = 1.25,
dp = 27°, g = 1/,

This suggests nonlocal imperfect nesting whose implication is currently under study. We believe
that this excellent fit provides definitive proof that the LTP in a-[ET):KHg[3C X, is unconventional
CDW. Very similar ADMR has been observed in the related salts with M=TI and Rb.



ECRYS-2002 Pr9-51

T8 il

L]

R(15T. 8] (D)

AN L

1 [}
IR P F 1
|'||' -
|E- !._ i
d:l:‘- x . . L s a . " , 5 " L L . " - - " i
‘ &1 sl &7 = 9 = i = [ et ':'iln:. L L] &7 =1 [+] i = m L e

& (") # 1%

Figure 1: The angular dependent magnetoresistance is shown for current parallel (left panel) and
perpendicular (right panel) to the a-c plane at T = 1.4K, B = 15T. The thick dots belong to the
experimental data, the thin solid line is our fit described in Eq. (2).

4 Concluding remarks

First of all we would like to point out that there are many candidates for UCDW and USDW. Second
we have shown that ADMR in a-{ET 1K Hg(=CN 4 is consistently described in terms of UCDW with
Landau quantization of QP. Indeed we believe that ADMR will provide unique way to access USDW

or UCDW in the pseudogap phase of high T, cuprates and the glassy phase of k-[ET]: salts.

We are benefitted from discussions with Amir Hamzié, Silvia Tomié¢ and Peter Thalmeier. One
of us (K. M.) acknowledges gratefully the hospitality and support of Max-Planck Institute for the
Physics of Complex Systems where most of this work was done. This work was supported by the
Hungarian National Research Fund under grant numbers OTKA T032162 and T037451, and by the
Ministry of Education under grant number FKFP 0029/1999.

References

[1] J. Sélyom, Adv. Phys. 28, 201 (1979).

[2] G. Griiner, Density waves in solids (Addison-Wesley, Reading 1994).

[3] M. Lang, Superconductivity Review 2,1 (1996).

[4] T. Ishiguro, K. Yamaji and G. Saito, Organic superconductors (Springer, Berlin 1999).
[5] J. Bardeen, L. N. Cooper and J. R. Schrieffer, Phys. Rev. 108, 1175 (1957).

[6] M. Sigrist and K. Ueda, Rev. Mod. Phys. 63,239 (1991).

[7] K Smokhin and V. Minyev, Introduction to unconventional superconductors (Gordon-Breach
1999).

[8] K. Maki and H. Won, in Fluctuating paths and fields edited by W. Janke et al. (World Scientific,
Singapore 2001)



Pr9-52 JOURNAL DE PHYSIQUE IV

[9] A. A. Nersesyan, G. E. Vachnadze, JJ. Low. Temp. Phys. 77, 293 (1989).

[10] L. Benfatto et al., Eur. Phys. J. B 17, 95 (2000).

[11] B. Déra, A. Virosztek, Eur. Phys. J. B 22, 167 (2001).

[12] S. Chakravarty et al., Phys. Rev. B 63, 094503 (2001).

(13] M. BasletiC et al., Synth. Met. 120, 1021 (2001).

[14] B. Déra et al., Phys. Rev. B 64,041101(R) (2001).

[15] B. Déra et al., Physica B 312-313, 571 (2002).

[16] H. lkeda and Y. Ohasi, Phys. Lev. Lett. 81, 3723 (1998).

[17] A. Virosztek et al., Int. J. Mod. Phys. B 16,1667 (2002).

[18] B. Déra et al., Acta Physica Polonica (in press).

[19] M. Pinteri¢ et al., cond-mat /0206574,

[20] H. Won, K. Maki, Phys. Rev. B 49, 1397 (1994).

[21] M. BasletiC et al., Synth. Met. 103, 2044 (1999).

[22] B.Korin-Hamzié et al., J. Phys. 1V (France) 9, Pr10-247 (1999).

{23] B.Korin-Hamzié¢, M. BasletiC and K. Maki, Euraphys. Lett. 59, 298 (2002).
[24] M. BasletiC, B. Korin-Hamzi¢ and K. Maki, Phys. Rev. B 65,235117 (2002).
[25] A. E. Kovalev et al., Solid State Commun. 89, 575 (1994).

[26] T. Sasaki and N. Toyota, Phys. Rev. B 49, 10120 (1994).

[27] N. Hanasaki et al., J. Phys. Soc. Japan 65,1010 (1996).

[28] B. Déra et al., cond-mat/0204321, Europhys. Lett. (in press).
[29] P.Foury-Leylekian et al., Synth. Metals (in press).



