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Anomalous Flux Quantization in a Hubbard Ring with Correlated Hopping
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We solve exactly a generalized Hubbard ring with twisted boundary conditions. The magnitude
of the nearest-neighbor hopping depends on the occupations of the sites involved and the term
which modifies the number of doubly occupied sitgg = 0. Although 7n-pairing states with off-
diagonal long-range order are part of the degenerate ground state, the behavior of the energy as a
function of the twist rules out superconductivity in this limit. A smalk breaks the degeneracy
and for moderate repulsivg introduce superconducting correlations which lead to “anomalous” flux
guantization. [S0031-9007(96)00300-6]

PACS numbers: 74.20.Mn, 71.27.+a, 71.30.+h, 71.28.+d

One of the most interesting problems of the physicsabout the metallic and superconducting character of the
of highly correlated electronic systems is the charactersystem [1,4,5].
ization of the metallic, insulating, and superconducting Exactly solvable highly correlated models displaying a
phases, as well as the transitions among them. KohWIT or ODLRO are good laboratories to investigate the
has shown that the Drude weigh?. is the adequate nature of the MIT and electronic mechanisms of supercon-
quantity to identify the metal-insulator transition (MIT) ductivity. The Bethe ansatz solution with twisted bound-
[1], while Yang introduced the concept of off-diagonal ary conditions of the one-dimensional (1D) Hubbard model
long-range order (ODLRO) to characterize the superconf6] allowed application of Kohn’s ideas to the MIT in this
ducting nature of a metallic phase [2]. ODLRO &l  model [6,7]. In addition, the interest in electronic mod-
relevant low-energy eigenstates implies a periodicity ofels exhibiting superconductivity (or dominant supercon-
h/2ein the free energy as a function of a magnetic fluxducting correlations at long distances in 1D), in particular,
threading a system with annular topology. This “anoma-those with correlated hopping increases recently [8—12].
lous” flux quantization (AFQ) [3,4] in the ground state However, very few exact results exist. Several of them
(GS) mean€E(® + 7) = E(P), whereE is the GS en- are related with the so-callegipairing mechanism, which
ergy and® is the twist angle. It is a necessary but notallows us to construct eigenstates with ODLRO [8—11].
sufficient condition for superconductivity. Sinde. ~  In particular, the widely studied [13—15] effective model
d%E/o®2, the function E(®) gives crucial information| for cuprate superconductors,

H=Hy + H, = UZ nitni + Z (c;r;cj; + H.c)

i (ij)o
X A{taa(l = nig) (1 = njg) + tgpnionje + taplnic(l — njs) + nje(1 — nig)l}, 1)
has been exactly solved recently in 1D in the limi = 0 ! In this Letter, we solve exactly the 1D model (1) with

for open [9] and periodic [10,11] boundary conditiong- 45 = 0, for twisted boundary condition®; (®;) for spin
pairing states with ODLRO are part of thkegeneratésS  up (down) fermions. This allows us to calculate the
for moderate on-site repulsidhand arbitrary band filling. Drude weightD,. and the spin stiffnes®; and to discuss
Unfortunately, the functiort(®) has not been obtained the nature of the MIT as the particle density— 1.
and, then, the AFQ an®. were not studied. Our main The behavior of£(Py, ®;) rules out superconductivity in
interest in this study is motivated by the following two the model forr4g = 0. In addition, we show how the GS
facts: First, the superconducting character of the degerdegeneracy is broken in favor of a state with dominant
erate GS is not obvious, even when states with ODLRGuperconducting correlations when a finig is allowed,
are part of the GS manifold. Second, the GS was found téor moderate repulsive.

be a Mott insulator folU > Uy = 2D(|taal + |2g5l) at We first consider the Hamiltonian (1) with-z4s =
half filling, in a simple cubic lattice id dimensions, with 135 = ¢t > 0,145 = 0. The other possible choices of
aMIT for D > 1[14,15]. StrictlyinD = 1, however,we the sign ofz4s and 7zp lead to an equivalent model
find that forn = 1, D, = 0 YU, in spite of a vanishing [16]. At each sitei, we introduce two fermionsf;,
charge gador U < Uy;. The possibility of an insulating and two boson®;,, whereb;; = e (empty andb;—- =
phase with this feature was first remarked by Kohn [1] and! (doublon. In this representationt, of (1) in a ring
we think that this is, to our knowledge, the first nontrivial of L sites with twists ®, for particles with spino
realization of that kind of insulators. reads
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L-1
H; = Z Hijv1 +Hpy =t Z (Flerofioblpbivio +H.C)
i=1

i=l,00'
— 1> [Flofrole® bl bp +e b b ) +H.e]. @)
The numbersv, = >, fiTgfi,,, N, =, e;r,,ew, Ny = ! [11]. Our idea is to use appropriate weighted represen-

>, d;radia are all conserved. In each subspacetations to cancel out the difference in phasediny, in

with fixed Ni, N, N.,Ng;, any state has the form order to map the problem into one of spinless fermions
Ny 1 Nyt . with twisted boundary conditions. We think of the rin
[To=1 Bitmyoromy [IiZ1 fitjyoj|0), where j labels the y 9

L : et ot 1

N; = N; + N, fermions from left to right and( j), o(j) 2° @ Be”Od'C _S'qut?g“ n Wplcﬁ””_._q,f"[l’) CirL T e
denote the position and the spin of fite fermion. Simi-  but fip = e TP dl, = TPl Thus
larly i(m), o’(m) [with i(m + 1) > i(m)] are the position H,; = ¢ ®> . fLL(,fL[,bLLU/bL(,/.

and the pseudospin [9] of theth boson. The number  We look for a basis of many particle states trans-
of bosons isN, = N, + N; = L — N;. For the peri- forming as irreducible representations @fy, ® Cy,

odic case(®, = 0), the Hamiltonian is invariant under under the above mentioned boundary conditions.
cyclic permutations of the fermions and bosons and ifThe part of these states which describes the singly
is convenient to work in the basis of the irreducible occupied sites can be constructed using the opera-
representations of the direct product groG, ® Cy, | tors

Lo, ~, 1 —iki T 27TV1_((I)1—(DL)
F@Gn iy =TT1H T1 A === e ®ifh . k= ,
l_[ ki1 Zl:! kil k| Nf ]Zl (/)l Nf

k1

Ny
#t_ 1 ity ot t
fu= N, ; e " fim = fignficon 3)

where ir1 contrast to the wave numbdis the k; are not ! that in the general case the problem takes the same form,
shifted &;N;/27 is integer), and are chosen in such awith an effective flux:

way thatd, k; = 0(r) for N; odd (even). They, are N Ny

N, different integers lying in the interv@), Ny — 1], and ¢ = P; + Z k — Z k= (ﬂ - &)q)T

each of theN,!/N;!N,! possible choices of the set of =1 = f Ny

deflne a spin C(_)nflguratlon: It is easy to see tha_t ur_1der NNy M 2y Na /

cyclic permutationCy,, which carries each fermionic + NN d; + N viT N” Z V.
position to the rightCy, FT = —(=1)" expli X, k)FT. f b Fo= b= 4)

In a similar way, using a transformation that interchanges
spin and pseudospin [17], the pseudospin configuratiofrhe energy of the system is given by

can be described by an operatBf ({i(m)},{k}), such N, b

thatCy, Bt = exp(i >, k;)Bt, with the N, differentk; = E— _o; ZCO 2mvj + Per + UN 5)
. d >

27y’ — (&1 + ®))]/N,. The (nonorthonormal) basis = L

states that we use are denoted [y{i( j)}, {k},{k'}) =

Bt F1|0). where theN, integer numbers should be different and
H, permutes a fermion and a nearest-neighbor bosor¢an be chosen in the interviakL/2 + 1,L/2].

The cyclic orders of fermions and bosons are conserved. For fixed Ny = nyL and total number of particles

Thus the numbergk} and{k’} are conserved. We drop N = nL = Ny + 2N4, minimization of (5) leads to

these indices for simplicity.H;;+1|#{i(j)}) = 0 unless - _ i i

one and only one of the sitdsand/ + 1 is contained Ee(br. @) = UNg = 2lsinlnym)/ sin(m/L)}code)

in {i(j)}. We restrict ourselves to these states in the (6)

following discussion. It can be seen that for< L, | harep = @ /L for N; odd ande = (O — )/L

H““l,q’,({i(.j)}» - —;[\I’({i’(j)})), Wh‘?fe{i’(’)} diff_ers_ for Nf¢even. ff'l/'he valufe oU detgrmin(esli/fd for )t/he

from {i(j)} in the position of one fermion oply, which'is g “gor eachd;, d;, the numbers\;, N, as well as

shifted from sitd Fo .l + 1or corj(;)/ersely_.1 Ifl(]\{f).: L, {1},{»} should be chosen to minimide| (mod 27). It

then  Hp [W{i(j)}) = —1e"CyCn, [¥1'())) =" can be easily seen that in the simplest cdge= @ =

t(—l)Nfex;{i(ZZ,VLl k=S k) + O ]1y{i’(j)}), where 0 and U = 0 that the GS is highly degenerate (many

i'(1) =1, and for j < Ny, i'(j + 1) =i(j). When choices of quantum numbers lead to/27 integer).

N, = N, = 0, H, takes the form of a problem of spin- For U > U, = —4rcoqwn), N, = 0 [9-11], and we

less fermions with flux®;. The above equations show recover the solution of thed/ = +o Hubbard model
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with twisted boundary conditions. In this cagg®; + is broken in the presence of a flux. Thus thepairing

27 /N, ®| + 27 /N) = E(dy, ®)), since the shift ind,  states do not necessarily give rise to superconducting
can be absorbed decreasing one of theby 1, what currents in the presence of an external flux. The physics
is always possible i) # N # Ny. For ®; = @, this in the region withU < —4t, whereny = 0 [9-11] is
result has been obtained previously [18]. Wh¥p #  more obvious. In this case, there are alspaired states

0, a change in both®, by 2#/|N, — N.| can be with ODLRO in the degenerate GS. However, these

counterbalanced by a change in {hé}, leading to states are static, and from Eq. (BY®;, @) = UN, for
2 2 aII'CID(,. Thi; demonstrgtgs that th(_e ODLRO of.tlwe
Eg(CI% + m,cbl + m) = E (P, Dy), paired statess not a sufficient condition for the existence
of superconductivity.

() The GS Drude weight and spin stiffness are

for L # N, whereas for a half-filled systeri, depends L 92E(D, D) i (1-n\
— = —( ) sin(mny),
=0 m\1 — ny :

only on the difference ®; — ®;, a behavior typical of D, = > D2
an insulator. ForU < —4cogwn), Ng >0 and 7- 5 2
pairing states with ODLRO are present in the GS [9-11], L Ey(®, —P) _t(m—m sin(zn;)
However, we do not find AFQ, but a periodicity which ~* 2 ad? o=0 T ny 7
depends on the particle density An example for finite (8)
chains is shown in Figs. 1(a) and 1(b). The number of . .

peaks ofE,(®; = &, = ®) for 0 = & = 27 is at least vyhere ny is a function ofU/t and_n [9,11]. F(_)r. half-

Lln — 1], diverging in the thermodynamic limit, while filling, D. =0, YU. The result is not surprising for
the height of each peak decreasesid4?, as in the |U| > 4t, where the system is a Mott insulator, but 'rather
U = +o Hubbard model. The response of the Systenpnexpecteq fotU| < 4t, Where'the charge gap vanishes.
to the flux is like that of a single particle with charge n€ behavior of the Drude weight far — 1 is the same

L — N or larger. One might ask whether a collection of &S that of a system Oft carfiers with effective mass
weakly coupled chains behaves like a superfluid of thesdiverging as(l — ny)*/(1 — n)~.

particles. However, since the compressibility diverges 1he ground state is highly degenerate as a consequence
in the interesting regime [9], charge can be transferre@f the rich symmetry structure of Eq. (1) whéna| —
between chains without cost of energy, and the respongéssl = az = 0. In particular, for an open chain there is a

to the flux of different chains does not add coherently!0c@l spin and pseudospin symmetry at each site [9]. Since
Thus the system does not show the Meissner effect [2—4f4s = 0 iS an accident rather than a generic feature, it is
We should also note that the SU(2) symmetry which  VerY important to discuss the effect of a finiig, particu-

allows for the construction of eigenstates with ODLRo larly taking into account that this term lifts the GS degener-
acy. Whenyp # 0, the sign oft4p or those of 44 andigp

simultaneously, can be changed using symmetry properties
[15], but models with differentaszgp are not equivalent.

In the following, we consider the casgs = tzp = —t,
which interpolates between two exactly solvable cases: the
one considered above and the Hubbard model. This case
preserves the SU(2) pseudospin symmetry whgn+ 0

[15]. We have studied numericalfj(®; = &, = P) for
finite systems with fixed densities # 1, n.,ngy # 0 at

tag # 0. An example is shown in Fig. 1(c). We find that

a smallzyp gives rise to anE(d) with two well-defined
local energy minima which strongly suggests AFQ in the
thermodynamic limit [the fact that there is a small differ-
ence betweek(® + ) and E(d) is a finite-size effect
[19]]. Study of the correlation exponeht, [9] confirms

the dominance of superconducting correlations at large
distances.

What is the origin of the superconducting correlations?
Is it related with then pairing? Note that the (nondegen-
erate) GS for,p — 0 is exactly known in two cases. For
/21 U > —4tcodwn) and U > 0, N.N, = 0 [9-11] and
FIG. 1. Ground state energy as a function of twist angle;[he low energy physics of the mo.del. becomes eﬂ“"’a'
@) for |tasl = ligsl = 1, 145 = 0, densityn = 2/3, U = 0, gnt tc2) that of a Hupbgrq model with mtgractldm =
and ring lengthL = 12, (b) same as (a) wit/ > 4; (c) for  t°U/tip — *. In this limit Ogata and Shiba [20] have
tan = tgp = —1, tap = —0.2, U =0, n = 2/3. shown that the GS wave function can be factorized in two
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parts: one describing the position and the other the spin of Two of us (L.A. and E.G.) are supported by CONI-
the N, fermions. This GS wave function can be mappedCET, Argentina. A.A.A. is partially supported by CONI-
into the corresponding one féf < 0 and a magnetic field CET.

high enough to ensu®;N;, = 0 using the transformation

that interchanges spin and pseudospin [17]. It is natural

to expect that the effect of a smallg is to introduce anti-

ferromagnetic correlations between spins and pseudospins

in the general case. This fact led us to proposamssatz *Permanent address: Departamento d&ida, Universidad
for the GS in the limitz,z — 0 consisting ofthree fac- Nacional de La Plata, 1900 La Plata, Argentina.
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