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Pairing near the Mott insulating limit
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The nanometer-scale gap inhomogeneity revealed by recent scanning tunnel microscope images of
Bi,Sr,CaCy0Og, , (BSCCO surface suggests that the “gap coherence length” is of that order. Thus a robust
pairing gap can develop despite the poorly screened Coulomb interaction. This can be taken as an evidence that
the pairing in hight. materials hardly affects the charge correlation and hence occurs primarily among the
spin degrees of freedom. We provide theoretical support for this point of view.
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It was first emphasized to us by Pan and Dhtist the |W(D,A))=Pg|¥(D,A)). 2)
energy gap extracted from scanning tunnel microscope . o
(STM) measurements of BSrL,CaCyOg,, (BSCCO sur- Here Pg is the prOjectlon_ operator that removes double oc-
face is inhomogeneous at nanometer scale. Moreover this f&Pancy and¥ (D, A)) is the ground state of the follow-
true for systems ranging from underdoping to slightly N9 mean-field Hamiltonian:
overdoping?~> Pan conjectured that such inhomogeneity is

due to the variation of the carrier density in the copper- Ho(D,A)=>, [Xkclvck(#kaCLQ,UCka
oxygen plane caused by randomly positioned dopant k
oxygen?

Tt

The above findings suggest that the “gap coherence (A et HC)], &)
length” of high-T, materials is at most a few nanometers. whereX,= —2(cosk,+cosk), D,=2D(cosk,—cosky), and
Since at such short length scale the Coulomb interaction ia = 2A(cosk,—cosk,). In the rest of the paper we usg
poorly screened, it must be true that the pairing in high- =3.
materials hardly affects the charge correlation functions. By a straightforward Monte Carlo minimizatibme con-
Since it is known that the spin correlation functions are af-clude that for a wide doping range it is energetically favor-
fected by such pairing, it suggests that the pairing in theable to develop a nonzetb(notD) for V. as big as 9. This
cuprates primarily affects the spin degrees of freefom. result implies that a nonzerA hardly perturb the density-

Ever since the BCS theory, superconductivity has beemlensity correlation, hence cannot cause hole binding. We em-
attributed to the pairing of electrons. In the case of high- phasize that the purpose of the present discussion is not to
superconductors, it is sometimes stated that superconductigrgue that Eg(2) is the ground state of Eql), rather it is to
ity requires the binding of doped holes. Conceptually, it isshow that the pairing exhibited by E¢) is not anearest-
important to distinguish binding from pairing. The former is neighborhole binding.

a feature in density-density correlation while the latter is To appreciate the effects of the projection operator in Eq.
manifested in two-particle off-diagonal correlation. (2) we have also investigated the stability oF «(0,A))

The distinction between pairing and binding is particu-against Coulomb repulsion without the Gutzwiller projec-
larly pertinent in the cuprates because of the short gap caion. In a repulsive nearest-neighbor model the analytic result
herence length(By gap coherence length we mean the mini-suggests that onc®,,, the nearest-neighbor interaction
mum length required for the pairing gap to be exhibited. strength, is larger thar=0.5], pairing is absent. Thus the
Based on the STM results we argue that such length is gfrojection operator makes the pairing in E8) much more
order of nanometers. Due to the poorly screened Coulombobust against charge repulsion. A similar conclusion was
interaction at such scale it is unlikely that holes can formreached for the Hubbard model under the fluctuation-
bound states. exchange approximatich.

We support our point of view by first demonstrating that Now we provide the details. We minimiz&(D,A)
despite strong Coulomb interaction in the following Hamil- = (W |H|W¥)/(W|W¥) by varying D and A. The results pre-
tonian: sented below are obtained for a system with the average

number of holes per site) equal to 12%. The evaluation of
. E(D,A) is performed by Monte Carlo when necessary.
H:_t% (CJTaCia+H'C')+‘J<iZj> (S-§—zn.n) In Fig. 1(a) we present the projected results fAfE
L =E(0,A)—E(0,0) vsA in a 1010 lattice with 12 holes.
The open circles are for the putel model, the crosses are
+V°§j G(n‘ m(n;=n), @ for t-0 model with a nearest-neighbor repulsigg,=3J, and
the open squares are fordJ and Coulomb mode]Eq. (1)]
it is energetically favorable for the following variational with V.=3J. For each of the three cases a nonzerdevel-
ansat? to developd-wave pairing: ops.
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FIG. 1. Results fox=12%. (a) AE as a function ofA at D=0 from Gutzwiller projection in a 1810 lattice. Open circles, purel
model; crossed;J model with nearest-neighbor repulsidi,=3J; squarest-J model with Coulomb interactiol .= 3J. (b) Without the
Gutzwiller projection, analytic results for nearest-neighbor mo@gIAE(D,A) as a function oD and A for the projected wave function
atV.=3J.

In Fig. 1(b) we present the corresponding results for theln the abover;y,, is the location of the oxygen dopant add
nearest-neighbor repulsion model when the projection operdhe setback distance, is the vertical separation of the oxygen
tor is removed from the variational ansatz. As one can sedopant plane from the copper-oxygen pldh&rom simple
even forV,,=0 the optimal value of is suppressed. More- Valence counting we exped, to be half the number of
over forV,,,=0.5] the optimalA is zero. holes. The results reported in the rest of the paper are ob-

Since the presence/absence of spontaneous staggered daiied on 24«24 lattice for dopingx=12% usingV/2
rent order is a timely issu&we have also studied the opti- =Vc=1=3J, andd=2XI, wherel is the CuQ lattice con-
mum form of Eq.(2) allowing bothD andA. In Fig. 1(c) we stant. We have checked that the results change smoothly with
plot AE=E(D,A)—E(0,0) for thet-J and Coulomb model 9 &ndx o o
(V.=3J) atx=12%. It is clear from this plot that the mini- /e mean-field trial wave functiopy) is given by [¢)
mum corresponds to a nonzeftobut D=0. Consequently = |4)®| 1) where the bosonic|,)) and fermionic (i)

_ 1N _ 1
we conclude that for the doping relevant to the present papesrt""tes are|yp) = |2 x;0;|™|0p) and [yr) =TT,[X;(un;f};

Ll +vnifi)]|0s). The mean-field single-particle wave func-
d-wave pairing is the only order that occurs for the model . “ni'il f . T
wave parng | y . tions upj, vpnj, and x; are varied to minimizg(W|H|¥)

described by Eq(1). { T
The next question is, when subjected to disorder potential_Ei)‘im’lbi.bi.Jr fiafia™ 1|\P>_.'“2i<qf|n‘ —nv). La-
whether the wave function in Eq2) can adjust its pairing grange multipliers\;, andu are introduced to guarantee that

parameterA “adiabatically” to the local density to account the average occupationbeys the constraints locally as well

: ) : as globallyAssuminghat the inhomogeneity in STM images
for the observed gap inhomogeneity. Unfortunately with the re indeed induced by the dopant disorder, then, this model

disgrc_ier potential breaking the t_ranslation symmetry t.he Vaszhould capture the essential features of what is seen on
variational freedom renders variational Monte Carlo IMPOS-55ccO surface
sible. What we shall do in the rest Of the PaperIs sla_ve-boson The biggest difference between screening in an ordinary
_mean-ﬁeld the_ory that takes the projection operator m(E)q._ metal and in the cuprates is that the latter is close to the
Into account In an average .fas.h|on. The hope Is that.s'nCE/Iott-insulating limit. Due to the no-double-occupancy con-
such m_ean-fleld theory qu.alltat|velly captures the phy§|cs O%traint the ability for charge to redistribute is severely hin-
Eq.(2) n t_he absence of disorder it will produce meaningful dered. For example, while the constraint has no effect on the
results in 'ts. presence. ) . electron depletion, it does forbid local electron accumulation
. Tne s'_cﬁmr_\g %)mt of our mean-field theory is the follow- beyond one electron per site. As a consequence, in the dis-
Ing Hamiftonian. tribution of holes there can be local peaks of hole density
while the opposite, i.e., sharp local depletion of holes, tends

H= _tz (bjbinlTafia+ H_C_)+JE (S'Sj— Eninj) ljot to occur. This is indeed what comes out of our calcula-
i i) 4 tion.
1 a. Impurity Pot. b. Hole Density
+V —(n;—n)(n.—n)+ uin;. 4
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In the aboveb and f are the holon and spinon operators 19 )
obeying f! f,,+b'bj=1, n=1-bb;, and § \...,'..

la’ la

= (1/2)f] o, 4fi 5. The disorder potentidl; is given by

Nimp
U= E L_ (5) FIG. 2. A plot of the(a) bare impurity potential; and (b) the
imp=1 +/|r;— rimp|z+ d? hole distribution(b) in a 24x 24 lattice withx=12% andd=2.
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In Fig. 2 we show the bare impurity potentidl; [Fig. Quasiparticle DOS Electron DOS
2(a)] and the corresponding hole distributifffig. 2(b)]. By
comparing the two figures, one sees that the hole distributior
does correlate with the bare potential.

We now discuss the mean-field prediction of the tunneling
spectroscopy. The local differential conductance measured ¢ .17
a biasV by STM is proportional to the electron local density -076 -0.3 03 0.6 06 -0.3 0.3 0.8
of states. In the slave-boson theory if one writes: |b;| ¢;
[¢is aU(1) phase factdrand ignore the fluctuation ifb;|,
the electron spectral function is given by

0,

055

FIG. 3. Tunneling conductance of the fermidng (V)] and of
electrong p (V)] at several positions in the 2424 lattice(same
as in Fig. 2. The local hole densities corresponding to each curve is
indicated in the figure. The bias volta§eis in units ofJ.

Pe,i(v)=|bi|zpqp,i(v)r (6)
) _ _ |b;|2. It is amazing that this difference is seen in the experi-

wherepg,;(V) is the local spectral function of thguasipar-  mental curves by changing the calibratioh®
ticles and |b;|? is the local hole densityThe quasiparticle What is the reason for the universality of the quasiparticle
creation operator is given by f!, .) In the mean-field theory  gensity of states at low energy? The answer is the robustness
where the holon phase fluctuation is ignored one obtains of the low-energy quasiparticle wave functions due to the

vanishing density of states. In Fig. 4 we shhwy;|? for two

of the low-lying energy eigenstatéassociated with two dif-

ferent nodesfrom two different disorder realizatiora)—(b)
(77  and(c)—(d), respectively. These eigenstates show a simple,

geometric pattern, insensitive to the underlying disorder. The
In the above (,;,vn) is the Bogoliubov-de Gennes eigen- orientation of the wave function is also consistent with the
functions of the spinon self-consistent mean-field Hamil-direction of the wave vector of the nodal quasiparticles. Such
tonian. regularity persists up to about 0j15he same energy scale

From Eq.(7) it is clear that when integrated over energy below which the quasiparticle density of states appears uni-
V, the quasiparticle spectral function obeys a sum ruleyersal.

JZ2pgpi(V)dV=2, hence is independent of the site index Additional comparison can be made between the experi-
This is not true for the electron spectral function. Due to thement and the mean-field result. In Ref. 4, the authors plot the
presence of théb;|? factor the total integrated value of the integrated local density of states vs the local gap. Within the
electron spectral function depends on the local hole densitgcattering of the data the result follows a monotonic trajec-
and hence varies from site to site. Such lack of spectral cortory implying a larger gap for a small¢ip;|?> and vice versa.
servation is a generic property of a Mott insuldfoEquation  Figure 5 is such a plot from our mean-field thediin mak-

(6) suggests that by properly dividing out the integrated elecing this plot we included the local density of states for all
tron density of stategand hencgb;|?) one can get the qua- 24X 24 sites in two disordered sample3he result agrees
siparticle density of states. with the experimental findings qualitatively.

It turns out that in the actual experiment this is customar- Before closing a caveat is in order. One aspect of our
ily done. In an STM experiment it is common to have themean-field result disagrees with the experimental findings—
feedback loop set up so that the total tunneling curfeet,
the integral of the differential conductance from zero bias up
to a large negative voltage-V,) is held at a fixed
value?*>13This way of calibration effectively divides out

Papi(V) = 2 [unil?6(V=En)+ 2 [on]6(V+Ey).

(a) E/J=0.090 (b) E/J=0.092
o M1.5 N1.5

2,5 is, in our language, the quasiparticle local density o

states. One can also undo the calibration to restorébifie 0.5 0.5
and hence obtain the electron local density of statek.
turns out that these two density of states have interesting Uo o
observable differences.

In Fig. 3, we plot the quasiparticlepq;i(V)] and the (c) E/J=0.093 (d) E/J=0.094
electron[ p (V)] local density of states in the bias range of I
—0.60=sV=<+0.6] for four different locations in Fig. 2. £ 1.2 :
Among the four curves the local hole densityp;(?) varies SExsn 1
from 0.055 to 0.174. As one can see, the peak-to-peak dis . b:e HH
tance, i.e., the local gap, varies considerably among th T 05
curves?™® e |04 =

Let us now focus on the behavior pf,;(V), andpe (V) I H |

at smallV. While differentpy,;(V) curves tend to merge at
small voltage, thepe;(V) curves do not. This difference is FIG. 4. Low-lying eigenstategy |, for two disorder realiza-
precisely caused by the fact that each curve has a differenibns[(a)—(b) and(c)—(d)] for several eigenenergies.
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0.8 Gap a result raises questions as to whether the observed spectral

inhomogeneity is an intrinsic bulk property. The point of
view we take in this paper is that even if the surface inho-
mogeneity is not intrinsic it still tells us important informa-
tion, i.e., the existence of a situation where the gap varies on
nanometer length scale. We argue that such nanometer-scale
variation suggests that the pairing in cuprates occurs essen-
tially among the spin degrees of freed6i.
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