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Magnetic field dependence of the threshold electric field in unconventional charge density wave
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Many experiments suggest that the unidentified low-temperature phase ofa-(BEDT-TTF)2KHg(SCN)4 is
most likely unconventional charge density wave~UCDW!. To further extend this identification we present our
theoretical study of the threshold electric field of UCDW in a magnetic field. The magnetic field-temperature
phase diagram is very similar to those in ad-wave superconductor. The optical conductivity shows clear
features characteristic to both UDW and magnetic field. We find a rather strong field dependence of the
threshold electric field, which shows qualitatively good agreement with the experimental data.
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I. INTRODUCTION

In the quasi-one-dimensional and quasi-two-dimensio
systems the normal Fermi-liquid state is destroyed due to
quasiparticle interaction at low temperature and enters
one of four canonical states with energy gap: singlet sup
conductor, triplet superconductor, charge density w
~CDW!, and spin-density wave~SDW!.1,2

However since the discovery of heavy fermion superc
ductors, organic superconductors, high-Tc superconductors
and Sr2RuO4, this simple picture has to be necessarily mo
fied. First of all, most of these new superconductors are
conventional or nodal. The quasiparticle spectrum has
energy gap.3–5 Similarly some of the new CDW’s and
SDW’s should be unconventional with no energy gap.6 Re-
cently d-density wave state competing with superconduc
ity has been proposed to elucidate the phase diagram o
prate superconductors.7 One of the signatures of these ne
states is insulating or semiconducting behavior but with
clear energy gap. We shall call these new states uncon
tional CDW ~or UCDW! and USDW.

Recently two of us8 have studied the thermodynamic
and the optical response of USDW.8,9 The thermodynamics
is very similar to the ones ind-wave superconductors.10

As to real systems, the low-temperature pha
~LTP! of a-(BEDT-TTF)2KHg(SCN)4 abbreviated as
a-(ET)2 has not been clearly understood yet, where BED
TTF is bis~ethylenedithio!tetrathiafulvalene.11–13 a-(ET)2
salts can be separated into two groups: one supercondu
and another with this mysterious LTP. The LTP does
exhibit x ray or nuclear magnetic resonance signals cha
teristic to conventional CDW or SDW and this property
naturally born out from the UDW model. This property
considered as hidden order in the literature.7 Further the re-
sponse of the LTP in a magnetic field suggests that it is
SDW but more likely a kind of CDW. As we shall show late
the phase diagram of UCDW in a magnetic field is ve
0163-1829/2002/65~15!/155119~8!/$20.00 65 1551
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parallel to the one ind-wave superconductors,14,15 where the
Pauli paramagnetism or the Zeeman energy dominates
magnetic interaction. Also it is known that in a magne
field parallel to the conducting chain direction~in order to
avoid the orbital effect! the UCDW splits into two regimes
the low-field regime whereD~k,r ! is uniform in space and
the high-field region whereD~k,r ! varies periodically in
space.16,17 In the first regime we shall show that the behav
of UCDW is exactly mapped to the one ofd-wave supercon-
ductor when the Pauli paramagnetism or the Zeeman en
dominates the magnetic interaction.14,15 The second regime
that corresponds to Fulde-Ferrell-Larkin-Ovchinniko
~FFLO! state,18,19 the mapping tod-wave superconductors20

is not exact in general. In particular, the phase diagram
the quasi-one-dimensional UCDW will be different from th
one expected for quasi-two-dimensionald-wave supercon-
ductors.

The object of the present paper is to extend the ea
analysis of UCDW8 and its threshold electric field21 in the
presence of a magnetic field.22 Also, for simplicity, we focus
on the Zeeman splitting~or the Pauli paramagnetic effec!
due to an external magnetic field. Also, we limit ourselves
the case whereD(k,r ) is independent ofr the space coordi-
nates, where the thermodynamics of UCDW is the same
the one ind-wave superconductors. Then we can borrow
known results for the thermodynamics. These predictions
be readily tested by thermodynamic and scanning tunne
microscope measurements. The spin-lattice relaxation
evaluated showing clear features of the effect of magn
field.

As to the electric conductivity we study the optical co
ductivity. At low temperature a clean optical gap develo
belowv,2mBH, which is smeared due to the possible th
mal excitations at higher temperature. The divergent p
characteristic to the gap maximum8 remains sharp.

Then we shall consider the nonohmic conduction
UCDW. Earlier we have constructed the phase Ham
©2002 The American Physical Society19-1
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tonian for UCDW in the absence of magnetic field. Inde
the data for the threshold electric field o
a-(BEDT-TTF)2KHg(SCN)4 are available both as a func
tion of temperature and magnetic field.23,24 Earlier we have
compared our theoretical result for the threshold electric fi
to the one obtained in Ref. 23 as a function of temperat
and we find a reasonable agreement if the three-dimensi
weak-pinning limit applies.21

In the present paper we analyze the threshold electric-fi
data from Ref. 24 forH50 T andH51 T as a function of
temperature. Again we obtain reasonable agreement.

These together with the magnetic phase diagram,
threshold electric field bothH50 T and 1 T provide us the
convincing evidence that the LTP ina-(ET)2 salts is UCDW.

II. PHASE DIAGRAM, DENSITY OF STATES,
AND SPIN-LATTICE RELAXATION RATE

As a model we consider a quasi-one-dimensional inter
ing electron system described by the following Hamitonia

H5(
k,s

@«~k!2smBH#ak,s
1 ak,s

1
1

2V (
k,k8,q
s,s8

Ṽ~k,k8,q!ak1q,s
1 ak,sak82q,s8

1 ak8,s8 ,

~1!

whereak,s
1 andak,s are, respectively, the creation and an

hilation operators of an electron of momentumk and spins,
mB is the Bohr magneton, andH is the applied magnetic
field, which is assumed to be parallel to the conducting ch
in order to avoid the orbital effect.V is the volume of the
sample, and the kinetic-energy spectrum on an orthorhom
lattice is given by

«~k!522tacos~kxa!22tbcos~kyb!22tccos~kzc!2m,
~2!

whereta@tb ,tc . In the second term of Eq.~1! we consider
the interaction between on site and nearest neighbor e
trons as in Ref. 8. By moving from Bloch space to Wann
space, the Wannier function is well localized, leading to
significant dependence of the interaction matrix element
the incoming electron momentak andk8. As a result the gap
depends on the quasiparticle momentum likeD(k)
5D cos(bky), for example. The phase diagram is the same
the one in ad-wave superconductor25 without the FFLO
state. AtT50 a first-order transition occurs to the norm
state at h50.56D00, where D00 is the zero-field zero-
temperature order parameter andh5mBH. The value of the
gap is 0.92D00 at the transition point. With decreasing fiel
the transition occurs ath50.41D00, and the gap jumps from
zero to 0.97D00. For T,0.56Tc0 (Tc0 is the transition tem-
perature ath50) the transition remains first order, and hy
teresis is observable somewhere between 0.41,h/D00
,0.56. In this region, the normal state becomes local m
mum of the free energy, and depending on the direction
the change of the external field, the first-order transition
15511
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curs at smaller field approaching from the normal state t
quitting the DW phase with increasing field. The presence
the first-order transition requires that the coefficient of t
lowest-order term ofD in the grand canonical potential van
ishes:

ReC9S 1

2
1

ih

2pTD50, ~3!

which determines the bicritical point ash/T'1.91, T
50.56Tc0, andh50.51D00. By exceedingT.0.56Tc0, the
transition becomes second order at the bicritical point. T
second-order phase diagram is given by

2 lnS Tc

Tc0
D5ReCS 1

2
1

ih

2pTc
D2CS 1

2D , ~4!

whereTc is the transition temperature ath magnetic field. It
is worth noting that the phase diagram is modified atT
,0.56Tc0 and h;0.51D00 because of the possibility of th
FFLO regime what we excluded here for simplicity. The o
der parameter as a function ofT and h is shown in Fig. 1.
This phase diagram belongs to UCDW while for USDW it
completely different as in the case of conventional CDW a
SDW. In a conventional SDW the effect of the Zeeman te
is completely canceled out26–28due to spin flop: the spins ar
oriented perpendicular to the magnetic field because of
anisotropy of the spin space. Since in the case of USDW
spin susceptibility8 retains the anisotropy found in conven
tional SDW, the Pauli term has no effect on USDW. Con
quently the transition temperature is not expected to chan
The only field effect is due to the orbital effect, which w
ignore in the present paper. The effect discussed in Ref
may be of importance, but this is beyond the scope of
present paper.

The quasiparticle density of states~DOS! averaged over
the spin is obtained as14

FIG. 1. Stereograph of the order parameter in the reduced t
perature and field plane. The dotted line denotes the metastab
line above which the normal state becomes local minimum of
free energy.
9-2
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N~E!5
1

2
@r~E1h!1r~E2h!#, ~5!

wherer(E) is the density of states in the absence of m
netic field, and is given by8 r(E)/r0(0)
5(2uEu/puDu)K(uEu/uDu) if uEu,uDu, and r(E)/r0(0)
5(2/p)K(uDu/uEu) if uEu.uDu. K(z) is the complete elliptic
integral of the first kind. The density of states per spin
given byr(E6h), where the upper and lower sign belon
to down and up spins, respectively. Ash increases, the valley
in the averaged DOS at the Fermi surface is filled in. Al
the divergent peaks at6D split into four new peaks at6D
6h. Interestingly, ath5D the density of states is divergen
at the Fermi surface, resulting in an unexpected chang
slope in the spin-lattice relaxation rate, for example. Th
properties can be seen in Fig. 2.

As a direct use of the obtained density of states per s
the spin susceptibility and the spin-lattice relaxation rate
be evaluated from:

x~T,h!

x0
5

1

4TE0

`

dE
r~E1h!1r~E2h!

r0
sech2

E

2T
, ~6!

R~T,h!

RN
5

1

2TE0

`

dE
r~E1h!r~E2h!

r0
2

sech2
E

2T
. ~7!

At T50 they are given by the following formulas:

x~0,h!

x0
5

2h

pD
KS h

D D;h, ~8!

R~0,h!

RN
5S 2hK~hD!

pD D 2

;h2, ~9!

which results in a linear magnetic field dependence almos
the entireh range for the spin susceptibility and a quadra

FIG. 2. The density of states is shown as a function ofE/D for
h/D50 ~solid line!, 0.2 ~thin dotted line!, 0.4 ~dashed line!, 0.6
~dashed-dotted line!, and 0.8~thick dotted line!.
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one for R(0,h). In the low temperature and small magnet
field limit, x(T,h) is approximated as14

xs~T,h!

x0
5H 2 ln~2!

T

D00
1

h2

4TD00
,

h

T
!1,

h

D00
,

h

T
@1.

~10!

The spin susceptibility is shown as a function of the reduc
temperature and magnetic field in Figs. 3 and 4. Ath50, the
low-temperature behavior of the relaxation rate is identifi
as

FIG. 3. The spin susceptibility is shown as a function of th
reduced temperature forh/D50, 0.1, 0.2, 0.3, 0.4, 0.45, 0.5, 0.52
and 0.55 with endpoints from right to left. The dashed~dotted! line
representsx(T,h) along the second-~first-! order phase boundary.

FIG. 4. The spin susceptibility is shown as a function of th
magnetic field forT/Tc050, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 8, an
0.95 with endpoints from right to left. The dashed~dotted! line
accounts for x(T,h) along the second-~first-! order phase
boundary.
9-3
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R~T,0!

RN
5

1

3 S pT

D D 2

, ~11!

while at h50 close toTc0 the small peak starts as

R~T,0!

RN
5110.85A12

T

Tc0
, ~12!

which can be regarded as the reminiscent of the diverg
peak in Maniv’s expression30 for the relaxation rate of con
ventional density waves. At arbitraryT andh, the spin-lattice
relaxation rate is evaluated numerically, and is shown
Figs. 5 and 6.

FIG. 5. The spin-lattice relaxation rate is shown as a function
the reduced temperature forh/D50, 0.1, 0.2, 0.3, 0.4, 0.45, 0.5
0.52, and 0.55 with endpoints from right to left. The dashed~dotted!
line representsR(T,h) along the second-~first-! order phase bound
ary.

FIG. 6. The spin-lattice relaxation rate is shown as a function
the magnetic field forT/Tc050, 0.3, 0.4, 0.5, 0.6, 0.7, 8 and 0.9
with endpoints from right to left. The dashed~dotted! line accounts
for R(T,h) along the second-~first-! order phase boundary.
15511
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The sudden change of slope close to the actual trans
temperature occurs ath5D(T,h) when a new divergence
steps into the integral.

III. OPTICAL CONDUCTIVITY

The optical conductivity contains relevant informatio
about the quasiparticle and collective excitation spectrum
density waves.2 Here we explore the temperature and ma
netic field dependence of the quasiparticle part of the c
ductivity without the effect of impurities. In the chain direc
tion the optical conductivity consists of a Dirac delta peak
zero frequency due to the collective contributions as it is
case in conventional DW, if no damping is present for t
electrons. In the perpendicular directions the quasipart
contribution gives to total optical conductivity, since no co
lective contribution is expected in this case. The regular p
of the optical conductivity~without the Dirac delta! is ob-
tained as

Resab
reg~v,h!5Resab

reg,0~v!
12tanh~h/T!2

12tanh~v/T!2tanh~h/T!2
,

~13!

where Resab
reg,0(v) is the optical conductivity8 at h50 in

which the magnetic field enters only throughD(T,h), hence
the explicitly magnetic field dependent term can be se
rated.

We show the optical conductivity in Figs. 7, 8, 9 for ga
functions D(k)5D sin(bky) or D(k)5D cos(bky) for T/Tc
50, 0.25, 0.5, and 0.75 ath50.3D00. This particular mag-
netic field value is chosen because it is in the bulk of
phase diagram so in this respect the general behavior o
optical conductivity can be seen in the figures. Also as
will show later, the threshold electric field belonging to th

f

f

FIG. 7. The real part of the complex conductivity in thez direc-
tion with unconventional gap in they direction is shown ath
50.3D00 for T/Tc50 ~dotted line!, 0.25~dashed line!, 0.5 ~dashed-
dotted line!, and 0.75~solid line!. Note that the same curves belon
to the quasiparticle part ofsxx(v) by changingvz to vF .
9-4
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MAGNETIC FIELD DEPENDENCE OF THE THRESHOLD . . . PHYSICAL REVIEW B65 155119
particularh value describes well the experimentally obtain
threshold electric field atH51 T.

At T50, hÞ0 a clean optical gap (52h) develops in
the optical conductivity because the optical transfer from
cupied to empty states requires a minimum of 2h energy.
Consequently, the sum rule seems to be violated since
of optical weight is missing below the optical gap. But t
missing oscillator strength is transferred to the weight of
Dirac delta at zero frequency even atT50. As a result, in
real systems where impurities are present, we expect a br
ening of the Dirac delta into a Lorentzian like curve dom
nated at higher frequencies by the broadened quasipar
contribution~with no sharp peaks!. In the chain direction, the

FIG. 8. The real part of the complex conductivity for a sin
soidal gap in they direction is shown ath50.3D00 for T/Tc50
~dotted line!, 0.25 ~dashed line!, 0.5 ~dashed-dotted line!, and 0.75
~solid line!.

FIG. 9. The real part of the complex conductivity for a cosin
soidal gap in they direction is shown ath50.3D00 for T/Tc50
~dotted line!, 0.25 ~dashed line!, 0.5 ~dashed-dotted line!, and 0.75
~solid line!.
15511
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Dirac delta peak is expected to be broadened and more
portantly to move to the pinning frequency as in conve
tional DW.

The logarithmically divergent peak atv52D(T,h) in
Figs. 7 and 8 is the consequence of the fact that the dista
of the divergent peaks in the density of state per spin
exactly 2D(T,h). However, this peak in Fig. 9 is sup
pressed because of the zero velocity of the electrons at
gap maximum.

IV. PHASE HAMILTONIAN AND THE THRESHOLD
ELECTRIC FIELD

To study the threshold electric-field phenomenon, the p
ning of the density wave is necessary. The simplest sourc
pinning is to consider the effect of nonmagnetic impurities
in Ref. 21. One consequence of the impurities is the fin
lifetime of quasiparticles as it was mentioned in the prec
ing section. Another important effect of the pinning is th
finite threshold electric field at which the sliding motion
the condensate sets in. It is the most convenient to formu
the threshold electric field in terms of the phase Hamiltoni
which is given as31,32

H~F!5E d3r H 1

4
N0f FvF

2 S ]F

]x D 2

1vb
2S ]F

]y D 2

1vc
2S ]F

]z D 2

1S ]F

]t D 2

24vFeEFG1Vimp~F!J , ~14!

where N0 is the density of states in the normal state
the Fermi surface per spin,f 5rs(T,h)/rs(0,0)51
2x(T,h)/x0 wherers(T,h) is the condensate density14 and
E is an electric field applied in thex direction. HerevF , vb ,
and vc are the characteristic velocities of the quasi-on
dimensional electron system in the three spatial directio

FIG. 10. Stereograph of the condensate density in the redu
temperature and field plane. The dotted line denotes the metas
ity line above which the normal state becomes local minimum
the free energy.
9-5
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For UDW the condensate density is the same as the su
fluid density ind-wave superconductors and is shown in F
10.

We may think of Eq.~14! as a natural extension of th
Fukuyama-Lee-Rice~FLR! Hamiltonian33,34 for UCDW and
for TÞ0, HÞ0, and for three spatial directions.

The pinning potential is obtained as

Vimp~F!52
8V0VyN0

2

p (
j

cos[2„QRj1F~Rj !…]D~T,h!

3E
0

11

2 S tanh
b@D~T,h!x1h#

2

1tanh
b@D~T,h!x2h#

2 D
3E~A12x2!@K~x!2E~x!#dx, ~15!

whereRj is an impurity site,K(z) andE(z) are the complete
elliptic integrals of the first and second kind, respectively.
obtaining Eq. ~15! we assumed a nonlocal impurit
potential:21

U~Q1q!5V01 (
i 5y,z

Vicos~qid i !. ~16!

Then following FLR,33,34 in the strong pinning limit the
threshold electric field atT50 is given by

ET
S~0,h!5

2kF

e

ni

n
N0

2V0Vy

16

p

D~0,h!

rs~0,h!
E

h/D00

1

E~A12x2!

3@K~x!2E~x!#dx, ~17!

and for general temperature it is obtained as

ET
S~T,h!

ET
S~0,0!

5
rs~0,0!

rs~T,h!

D~T,h!

D00

1

0.5925

3E
0

11

2 S tanh
b@D~T,h!x1h#

2

1tanh
b@D~T,h!x2h#

2 DE~A12x2!

3@K~x!2E~x!#dx, ~18!

where 0.5925 is the value of the integral in the second line
Eq. ~18! at T50 andh50.

At low temperature using Eq.~10!, ET
S is well approxi-

mated by

ET
S~T,h!

ET
S~0,0!

'
rs~0,0!

rs~T,h!
5H 112 ln~2!

T

D00
1

h2

4TD00
,

h

T
!1,

11
h

D00
,

h

T
@1

~19!
15511
er-
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in the h,T!D00 range.14 For T.0.56Tc0, along the second-
order phase boundary the threshold electric field is obtai
from Eq. ~18! in the D→0 limit as

ET
S~T,h!

ET
S~0,0!

52

ReC8S 1

2
1

ih

2pTD
ReC9S 1

2
1

ih

2pTD
T

D00

p3

430.5925
, ~20!

which is divergent at the bicritical point~possibly tricritical
with the FFLO state!. This divergence is not an artifact be
cause the vanishing denominator coincides with the con
tion for the presence of first-order phase boundary, as it
already discussed in Eq.~3!. As a result, the threshold elec
tric field close to the bicritical point is given by

ET
S~T,h!

ET
S~0,0!

5
1.12

1.912h/T
~21!

approaching along the second-order phase boundary.
presence of FFLO state would not affect this behavior si
it may appear below 0.56Tc0, consequently this new phas
does not change quantities evaluated along the second-o
phase boundary. We show the threshold electric field a
function of the temperature and the magnetic field in Fig.
in the strong pinning limit.

The weak-pinning limit is more appropriate for high qua
ity crystals. Then we obtain for a three-dimensional syste

ET
W~T,h!

ET
W~0,0!

5S ET
S~T,h!

ET
S~0,0!

D 4

. ~22!

ET
W(T,h) is plotted as a function of temperature and ma

netic field in Figs. 12 and 13, respectively.
At small but increasing fields, the enhancement of

threshold electric field at the transition temperature relat
to the T50 value becomes smaller due to the initial line
decrease of the condensate density versush at T50. At low

FIG. 11. The threshold electric field in the strong pinning lim
is plotted as a function of the reduced temperature and field.
dashed line is the threshold field belonging to the metastability l
9-6
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MAGNETIC FIELD DEPENDENCE OF THE THRESHOLD . . . PHYSICAL REVIEW B65 155119
temperatureET
W(T,h) increases withh almost linearly. Fur-

ther ET
W(T,h) diverges forT.0.56Tc0 when the magnetic

transition changes from second order to first order.
As a direct application of the theory to real materials,

present the threshold electric field data24 in a-(ET)2 salts in
the presence of magnetic field together with our prediction
Fig. 14. At zero field the agreement is excellent. AtH

FIG. 12. The threshold electric field in the weak pinning limit
plotted as a function of the reduced temperature forh/D0050, 0.1,
0.2, 0.3, 0.4, 0.45, 0.5, 0.52, and 0.55 with endpoints from righ
left. The circle represents the end of theh50.4D00 curve, which is
very close to theh50.3D00 one. The dashed line accounts for th
threshold field along the second-order phase boundary while
dotted line accounts for the one along the first-order phase bo
ary.

FIG. 13. The threshold electric field in the weak pinning limit
plotted as a function of the magnetic field forT/Tc050, 0.2, 0.3,
0.4, 0.6, and 0.7 with endpoints from right to left. The dashed l
accounts for the threshold field along the second-order ph
boundary while the dotted line accounts for the one along the fi
order phase boundary.
15511
n

51 T, the agreement at low temperatures is qualitativ
good with theh50.3D00 curve as far as the increasing te
dency is concerned, while close to the transition tempera
the matching is remarkable again. By fitting our theoreti
curves to the experimental data, the only fitting parame
ET(0,0) was determined first from theH50 case. Then by
changing the magnetic field,h50.3D00 was found to be the
closest to the measured threshold electric field atH51 T. As
a result,D00 turns out to be of the order of a few kelvins
which falls of the same order of magnitude as the transit
temperature (Tc;8 K). The remaining discrepancy of th
numerical values may arise from the neglect of the Fer
liquid renormalization of the Bohr magneton.

At the same time, the strongH dependence of the thresh
old electric field atT52.2 K referred to in Ref. 23 appears t
be consistent with the present result, though no details
available. Clearly, these are the only available data at
moment, so we should really need more experiments in
field to make more decisive statements. Unfortunately,
present result does not apply forT,0.56Tc0 and h
*0.51D00 due to the presence of the FFLO regime. Nev
theless, the present result can be tested in a wide range o
H-T phase diagram of the LTP ina-(ET)2 salts. The effect
of the FFLO state and the related threshold electric field
beyond the scope of the present paper.

V. CONCLUDING REMARKS

In this paper we have extended our earlier analysis
unconventional density waves8 in the presence of magneti
field. The magnetic field is introduced as the Zeeman sp
ting. The phase diagram is found to be identical to the one
a d-wave superconductor25 without the FFLO state. The den
sity of states averaged over the spins exhibit four sharp pe
at 6D6h instead of the usual peaks at6D. The enhance-

o

he
d-

e
se
t-

FIG. 14. The theoretical and experimental threshold elec
field are plotted as a function of the reduced temperature. The m
suredET in thea-(ET)2 salts24 is shown forH50 T ~open circles!
andH51 T ~crosses!. The solid~dashed! line represents the theo
retical curve ath/D0050 (h50.3D00).
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ment of the spin susceptibility in the presence of magn
field clearly shows the destructive effect of the applied fi
and can be readily accessible from Knight-shift measu
ments. The cusplike behavior of the spin-lattice relaxat
rate close toTc is a unique property of this system togeth
with theh2 dependence atT50. The optical conductivity in
the perpendicular directions properly distinguishes betw
the possible gap structures. The appearance of the clean
tical gap (;h) with the applied field at very low tempera
tures differs from the conventional density wave scena
where the magnetic field has no effect on the optical gap
h,2D in either perpendicular directions. The present mo
predicts very strongH dependence of the threshold elect
field, even divergent behavior at the bicritical point, whi
should be readily accessible experimentally.

The so-called hidden order, the missing of any obvio
long-range order together with robust thermodynamic f
tures of phase transitions makes UCDW a very likely can
date for the ground state of thea-(ET)2 salts. Moreover the
destruction of the UCDW phase in the presence of app
magnetic field coincides with experimental observations.11,13

The detection of the threshold electric field in thea-(ET)2
,

-

ys

s

es

s

15511
ic

-
n

n
op-

o
r
l

s
-

i-

d

salts excludes all the possible non-density-wave like gro
states.ET in conventional CDW and SDW theories is not
agreement with experiments ona-(ET)2 salts. The former
predicts a divergent peak at the transition temperature w
the latter gives an almost temperature-independent thres
electric field. On the other hand,ET in UCDW describes the
experimental data ona-(ET)2 salts as it can be seen either
Ref. 21 or in Fig. 14. The strongH dependence of threshol
electric field agrees well with experimental results, whi
surely strengthen our proposal that the LTP ofa-(ET)2 salts
should be UCDW.
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21B. Dóra, A. Virosztek, and K. Maki, Phys. Rev. B64, 041101~R!

~2001!.
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