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Pseudogap formed from preformed pairs in the organic superconductorse-(BEDT-TTF ),X
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We study the pseudogap phenomenon of layered organic compat(BEDT-TTF),X based on the sce-
nario of preformed pairs. By solving self-consistently the closed equations oF-thatrix in the “pair ap-
proximation” scheme, we calculate the spectral function of electrons in a two-dimensional anisotropic trian-
gular model at half-filling ford,2_2- andd,,-wave attractive potentials, respectively. We find that a pseudogap
occurs in the intermediate coupling region in the normal state and it opens up highly anisotropically in the
momentum space. In particular, the momentum region where it appear first is quite different for both attractive
potentials.
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[. INTRODUCTION perconductivity, a feedback effect of the SC fluctuation
should be considered. Therefore, in this paper we will study
Recently, the mechanism for unconventional superconthe pseudogap phenomena based on the “pairing approxima-
ductivity is of considerable interest in condensed mattekion” scheme of theT-matrix formalism developed by
physics. The layered organic compound$ET),X, where  Kadanoff and Martirt? In our studies, a self-consistent cal-
ET represents the planar BEDT-TTF molecule ahdnions,  culation based on the full closed equations is carried out,
are examples of quasi-two-dimensional unconventionatompared with the lowest-order approximation used by Jujo
superconductors.They have many similarities to highs et all! In this way, the feedback effect is expected to be
superconductor§such as the proximity of superconductivity included, and the BCS to Bose-Einstein crossover in the

to a Mott insulator in the phase diagram. strong coupling limit can be tracked. This method has been
Above the superconductingSC) transition temperature used to discuss the pseudogap in higheuprateg8:19
(To), the normal metallic state of the underdoped high-  We find that a pseudogap appears below the temperature

cuprates behaves in a way quite different from that we hava™*, which is identified as the temperature when the single
encountered before. Especially, a suppression in the densifyeak of the electron spectral function splits into two peaks,
of state has been observed or inferred in the measuremerdsd T* is well above the SC transition temperattfgwhich
on some properties and it has been referred to as the determined by the Thouless criterion for
pseudogap.The pseudogap phenomenon is observed firstisuperconductivity® The dependence of the opening tem-
in the NMR experiments, which manifests itself as a de-perature of the pseudogdp on the coupling strength and
crease in the Knight shift and the spin-lattice relaxation ratehe ratio of the next-nearest to the nearest hopping integral
per temperature TLHT (T the temperatune below the t'/tis presented. It suggests that the pseudogap is a result of
pseudogap opening temperatur€*.® Interestingly, x  the occurrence of preformed pairs in the intermediate cou-
-(ET)»X shows the similar anomalous propertte$As found  pling region between the BCS limit and Boson-Einstein
by NMR experiment§;® 1/T,T increases with decreasing limit. Its opening temperature increases with a reduced ratio
temperature below 150 K, which is a result of enhanced ant’/t. We also compare the pesudogap behavior foidihg.-
tiferromagnetic fluctuations. But it decreases with further de-and thed,,-wave attractive interactions, and find that the
creasing temperature belowl ~50 K. So, a similar magnitude and the opening temperature of the pseudogap for
pseudogap phenomenon has also been inferred from theti®e d,-wave attractive interaction is smaller than those for
experiments:® the d,2_j2-wave interaction. In particular, we find that the
The pseudogap phenomenon of hihsuperconductors momentum region where the pseudogap opens up first is
has been studied intensively and been taken as an importagtite different for different attractive interactions.
clue to the physics governing the highcuprates? but little The paper is organized as follows. In Sec. Il, we will
has been done theoretically on the similar phenomenon ipresent the self-consistefitmatrix method. In Sec. IIl, we
layered organic superconductors. Recently, Rij@l. have  will carry out the numerical calculations of the single-
proposed a possible mechanism for the pseudogap in organparticle spectral function and discuss the results. Finally a
superconductor based on the SC fluctuatfofihey used the brief conclusion will be given in Sec. IV.
one-loop approximation for the SC fluctuation and take the
de2-y2-wave interaction as the attractive potential. However,
the pairing symmetry ink-(ET),X is in fact still in debate Il. MODEL AND CALCULATION
both experimentalf??13 and theoretically?~¢ namely,
whether it is ad,2_2-wave or ad,,-wave pairing symmetry is We consider a two-dimensional model Hamiltonian with
controversial. On the other hand, for a strong coupling suan attractive potential,
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H= &C! .Co density of electrons as t_he criterion of convergence as we
ko e have done befor¥ n is given by
+ > ViwCroao:Crieara | Cov+r2. Cic (1) 2 o0
Kk Ckagr2,1 kg2, kg2, Sk g2, n=—> G(k,i&)e4o (7)
KK’ g BN
where a separate interaction is assumed, In the numerical calculations, the renormalized Green’s
Vi = ge(K) (k) 2) function G is calculated as a function of compléklatsub-

arg frequencies§. However, the spectral function of elec-
with g(<0) the coupling strengthe(k)=cosk,—cosk, for  trons is related to the retarded Green’s function as follows:
the d,2_y» wave ande(k)=2 sink, sink, for the d,, wave. 1
According to the arrangement of BEDT-TTF molecules in Ak, w)=-—Im[G(ki&§ — w+i0")]. (8)
the conduction layer ok-(ET),X* and the energy band cal- ™

culation, Kino and Fukuyaniaproposed a dimer model 0 Therefore, an analytic continuation to the real frequency is
describe its physics, in which a pair of ET molecules is conpeeded. We use the Padé approxinfants carry out the
sidered as the basic structural unit of the conduction layernaiytic continuation. The reliability of the analytic continu-
Based on this simplest effective model, one can regard thgtion using the Pade approximant was discussed extensively
conduction layer of«-(ET),X as the anisotropic triangular by Viderg and Sererdand also checked by us by comparing
lattice with one site in the unit cell. It in fact Corresponds to the Spectra| function of a quasipartide Green’s function and
a square lattice with the transfer integral between the the spin susceptibility of @-wave superconductor with and
nearest-neighbor sites and’ -between a half of the next- without using the Pade approximant. A fairly positive result
nearest-neighbor sites along orifgr example, alongl, 1)  has been obtained. The SC transition temperafyris ob-

direction] one direction. So, its tight-binding energy band tained according to the Thouless criterion for a SC pairing
including the nearest- and the next-nearest-neighbor hoppingstapbility2°

terms is given by TXgq=0,0=0)=0 9)
=0,w= =V.

In the following numerical calculations, the summations
in which, u is the chemical potential which is an input pa- over momentump(q) and Matsubara frequencs(w,) are
rameter and is adjusted to obtain the required density of elegreformed by dividing the momentum space into<322 lat-
tronsn=1. We note that the in-plane anisotropy is manifestedices and by summingw,(§) from -128 to 128 inw,
in the term cofi+ky) of Eq. (3). For an isotropic energy =2n5T and &=(21+1)#T, respectively. The stability of the
band, this next-nearest-neighbor term should beesults with respect to the number of the Matsubara frequen-
cogk,)cogky). We can see that E¢3) is not symmetric un-  cjes and the dividing grids of the Brillouin zone has been
der the exchange ok, to -k, but the isotropic band is checked and no qualitative difference has been found as will
symmetric under this exchange. The Fermi surface calculatege discussed in the following section. The energy is in units
using Eq.(3) for n=1 is shown in the inset of Fig. 4. of 2t. In most of the papet’/t will be chosen to be 0.7

According to the “pairing approximation” scherffethe  except when we discuss the dependencE.a@indT* on t'/t.
self-consistenT-matrix is given by®

€= — 2t(cosk, + cosk,) — 2t" cogke+ k) —u,  (3)

: 4, 1 . lIl. NUMERICAL RESULTS
THaio) =g+ 22 ¢*(P)G(p,i&) G
B p.& A. Case of thed,2_y2 wave
X(q-piog=i§) (4) First, let us discuss the results withdg_,2-wave attrac-

P tive potential. In Fig. 1, thew dependence of the electron
and the self-energy of electrons is given b
9y 9 y spectral functiorA(k , w) atk=(0, 157/16) for different tem-

o1 ) ) o peraturesT=0.2,0.18,0.15 is presented, with the coupling
2(kig) = ,ﬁz (k= a/2T(qiw) G strengthg=-1.0 which is in the intermediate coupling region
den as described below. At=0.2, a single peak appears in the
X(q-k,iowy—1§). (5) spectral function of electrons, which is a typical feature in

the normal Fermi liquid state. When the temperature is de-
"Lreased tar=0.18, a suppression of the spectral weight oc-
curs neaw=0, the Fermi energy. As a result, the single peak
UL ey — O ey - in Ak, ) is split into two peaks. When decreasing the tem-
G kig) =G (kig) - 2(kig), © perature further, one will find that the suppression becomes
where GO(k,i&)=(i&- €)™t and B~*=T. Equations(4)<6)  more and more obvious. The SC transition temperaiyre
constitute a closed system of self-consistent equations. Thidetermined from the Thouless criterion E) is 0.063,
set of equations will be solved iteratively. Because it is verywhich is nearly one-third of 0.18. So, this suppression in the
difficult to get the convergence @& andT at allk points and  spectral weight is in the normal state and indicates the ap-
Matsubara frequencies at the same time, we will take th@earance of the pseudogap. We find that the opening tem-

The corresponding Green’s function satisfies the Dyso
equation,
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FIG. 1. Spectral function of electrom§k ,») vs » (measured FIG. 2. Spectral function of electron®(k,w) vs w (measured

relative to the chemical potentjadt different temperatures for the relative to the chemical potentakt different momenta for the
dez_y2-wave attractive potential with =(0,157/16) and the cou-  Ge-y2-wave attractive potential witfi=0.18 andg=-1.0.

pling strengthg=-1.0. Inset(a), a comparison of the result at . . . .
~0.15 calculated by dividing the space into 3% 32 lattices(solid along the Fermi surface simultaneously. This behavior is be-

line) with that using 64 64 lattices(dashed ling The frequency lieved to arise from th&j_xz—yz'w"_’we form of the attractive
summation is done over 256 Matsubara frequencies. Ifigeta potep'ual. The similar anisotropic opening of the pseudogap
comparison of the result at=0.15 calculated by summing over 256 1N high-T; superconductors has been observed by angle-

Matsubara frequenciesolid ling) with that using 512 Matsubara resolv_ed photoemission sp_ectro_sco_py (ARPES
frequencies(dashed ling The k space is divided into 3232  experiment$?24 so we propose to identify it by using the
lattices. ARPES experiment.

In the weak coupling limit, the superconductivity occurs
perature of the pesudogdp, which is identified as the start- simultaneously with the pairing, this corresponds to the BCS
ing temperature when a suppression of the spectral weighegime. However, with the increase of the coupling strength,
occurs, is approximately equal to 0.20. the chemical potential shifts downwards due to the strong

The above calculations are carried out making use of 32enormalization of the Green’s function of quasiparticie®
X 32 momentum grids in the Brillouin zone and 256 Matsub-As a result, the creation of bosonic particles due to the pre-
ara frequencies. To check the stability of the results withformed pairs of quasiparticles starts at certain temperdture
respect to the number of the dividing grids and the Matsubwhich is above the SC transition temperatufg These
ara frequencies, we have repeated the calculations makirtgpsonic particles are not infinitely long lived, because they
use of 64x 64 momentum grids and 512 Matsubara frequen<an be damped by other nonpaired fermions. We think that it
cies. The obtained results are shown in the iiagaind (b) is the preformed pair that leads to the appearance of the
of Fig. 1 as dashed lines, respectively. The previous result ipseudogap. The superconductivity happens when these pre-
also shown as solid lines to make a comparison. One can séarmed bosons become coherent via the Bose-Einstein con-
that there is no qualitative difference between them, thougllensation af .. In the very large coupling limit, the chemical
the magnitude of the pseudogap becomes smaller when mopetential will eventually shift down to the bottom of the
momentum grids or Matsubara frequencies are used. fermionic energy band. Then, the Fermi surface is gone and

To see the possible anisotropic distribution of thethe preformed pairs become bosons with infinite lifetime.
pseudogap, we show in Fig. 2 the spectral function for dif-This corresponds to an ideal gas Bose-Einstein asymfftote.
ferent k points near the Fermi surface witj=-1.0 atT  Thus, the scheme we used here can lead to an interpolation
=0.18. The positions of thedepoints in the Brillouin zone between the BCS limit for smalj and the Bose-Einstein
are represented by open circles in the inset of FigTde  condensation in the strong couplifi@rge g) limit. In view
three circles at first from thk,=0 to the diagonal direction of this, the opening temperature of the pseudogap will de-
along the Fermi surfagelt shows that the gaplike structure crease with the decrease of the coupling strength, and even-
can be observed clearly arou@d, 137/16), but disappears tually disappears when the coupling strength is decreased to
gradually as the momentum moves away from it to the diagthe weak coupling region. This is indeed obtained in our
onal direction of the Brillouin zone. It means that the numerical calculations. In Fig. 3, we show the spectral func-
pseudogap opens up at different points in the momenturtion for several coupling constangsfrom -1.0 to -0.9, at
space. It appears first at the momentum where the attractivbe momentunk=(0,157/16) where the gap magnitude is
potential is maximum and gradualy opens up at other momaximum and the temperatue=0.18. One sees that the
menta along the Fermi surface, with the decrease of tempera@seudogap weakens gradually with the decreasg ahd
ture. As a result, it will lead to the destruction of the Fermicloses up when the coupling strength reaches-0.9. So,
surface in the normal state. This is different from the openinghe opening temperatuf® for the couplingg=-0.9 should
of the SC gap, in that case the gap opens up in all momentae lower thanT=0.18. When reducing the coupling strength
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FIG. 3. Spectral function of electrom§k,w) vs o (measured FIG. 5. Spectral function of electrom§k, ) vs w (measured

relative to the chemical potentjaor the d,2_,2>-wave attractive po-  relative to the chemical potentjat different temperatures for the
tential with T=0.18 andk=(0,157/16). The solid, dashed, and d,,wave attractive potential witk=(77/16, 7/16) and the cou-
dotted lines are results for various coupling strengths. pling strengthg=-1.0.

further to the weak coupling region, one will find no B. Case of thed,, wave

pseudogap in the normal state. As noted in the introduction, whether the pairing symme-
Next, we discuss the dependence of the opening temperéry in «-(ET),X is a d,o.,2 wave or ad,, wave is still
ture T of the pseudogap on the ratit/t. For the x  controversiaP1?-1® Therefore, we will discuss the possible
-(ET),X with a SC ground statet’/t=0.7 is usually pseudogap behavior for thg, wave in this section. Figure 5
assumed! However, it is showfi-2>that this ratio may vary shows the spectral functions for different temperatures with
with the change of the anioX and the external pressure. In k=(77/16,77/16) andg=-1.0. One can see that, below the
view of this, we present in Fig. 4 the opening temperatureopening temperaturé* =0.07, a suppression of the spectral
(T*) (square pointsof the pseudogap and the SC transitionweight occurs and it leads to the double-peak structure,
temperaturgT,) (triangle point$ obtained using the Thou- which suggests the opening of a pseudogap as discussed in
less criterion Eq.(9) for different ratios oft’/t, with g  Sec. lll A. The suppression becomes more and more severe
=-1.0 and at the momentutn=(0,157/16). One can see With the decrease of temperature, which is similar to the
that T* increases with the decreasetoft. Meanwhile,T,is ~ behavior observed for the,._,» wave as shown in Fig. 1.
several times smaller tha* and shows a relatively flat However, compared with the case for ttg_» wave, the
dependence ot' /t. With the decrease of /t, the unper- opening temperature of the pseudogap is much lower and its
turbed Fermi surface obtained using E8) displays more magnitude is smaller.
and more strong nesting properties. The nesting of the Fermi In Fig. 6, we show the spectral function wil+=0.06 and
surface will cause an enhanced density of states, therefog=-1.0 for three different momenta near the Fermi surface.
leading to higher pesudogap opening temperature. The positions of thes& points in the Brillouin zone are
represented by open circles in the inset of Figthe three
circles at first from the diagonal direction kp=0 along the

0.27 ' ' ' ' ' ' Fermi surfacg The same as the case of ttie_,>-wave in-
ooal ™ J teraction, the pseudogap appears highly anisotropically in the
n - momentum space. However, the pseudogap opens up first
o 22T m - . around the momenta where thg,-wave interaction has
E 018 maximum magnitude, i.e., that portion of the Fermi surface
2 018} ]
£ 015F . - . . |‘ .
ERFL \\J ] 4.0 F= Grnoionio i -
— - (4n/16,117/16) l
0.09f . 330} i :
K, =3
0.06F | . A A A 4 < 20| “ :
0.3 0.4 0.5 0.6 0.7 0.8 i
1.0 | .
'/t
. 0.0
FIG. 4. Opening temperature of the pseudo@apsquarg and -20 -1.0 0.0 1.0 2.0
the superconducting transition temperatliggtriangle) vst’/t, for ®
the d,2,>-wave attractive potential wittk=(0,157/16) and the
coupling strengtly=-1.0. Inset, the bare Fermi surfa@®lid line). FIG. 6. Spectral function of electrom§k,w) vs w (measured
The open circles indicate the position of tkgoints at which our relative to the chemical potentjaht different momenta for the
results are presented in Figs. 1-3 and 5-7, respectively. dy,-wave attractive potential witfi=0.06 andg=-1.0.
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4.0 . dy2_y2- and ad,,-wave symmetry may be different. Therefore,
— 10 !\ we cannot determine which one is more stable here. How-
3.0 [T 9o I : ever, the results presented here indicate that the pseudogap
3 ] opens up at different points in the momentum space for both
X 20 F 1 attractive potentials. This property may be taken as a pos-
< sible way to probe the symmetry of the pseudogap and con-
1.0 } 1 sequently the SC gap ir-(ET),X.
0.0 : IV. CONCLUSION
-1.0 0.0 1.0
® In summary, we have calculated the spectral function of

electrons based on a two-dimensional anisotropic triangular
model at half-filling for thed,>_,» and thed,, attractive po-
tentials, respectively, by solving self-consistently the closed
equations of theT-matrix in the “pair approximation”
scheme. We find that a pseudogap occurs in the intermediate
coupling region below the opening temperatiite which is

i L ) above the superconducting transition temperature determined
along the diagonal direction, and gradually disappears whep,, the Thouless criterion. It is ascribed to arising from the
the momentum moves toward®,=) where the pseudogap preformed pairs in the intermediate coupling region between
for the d,>_>-wave interaction occurs first. This feature is the BCS limit and Boson-Einstein limit. We have studied the
quite different for both interaction potentials. In fact, this angular dependence of the pseudogap and find that the
angular distribution of the opening of the pseudogap Shareﬁseudogap opens up highly anisotropically in the momentum
the similar momentum dependence with the magnitude of th%pace. In particular, the momentum region at which it ap-
SC gap and may suggest that the pseudogap is of the sarggays first is quite different for théo_,2- and thed,,-wave
symmetry with its SC gap. Finally, the result presented inyyractive potentials. The model studied is suggested to be
Fig. 7 shows again that the pseudogap will close up with thge|ated to the layered organic compound$ET),X, there-

FIG. 7. Spectral function of electrom§k,w) vs o (measured
relative to the chemical potentjdbr the d,,-wave attractive poten-
tial with T=0.068 andk=(7#/16,77/16). The solid and dashed
lines are results for coupling strengtp=-1.0 and g=-0.95,
respectively.

decrease of the coupling strength.
From above comparison, one may expect thatdpe.

wave is more stable than thg, wave based on the model
Eq. (1), because the opening temperature of the pseudogap

fore our calculation provides a possible origin of the
pseudogap behavior in this material.
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