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Finite-size effects and unsaturated ferromagnetism of two-component Hubbard rings
in a strong magnetic field: Exact results
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We consider two-component Hubbard models in a strong magnetic field to reveal finite-size effects in the
stability of the fully polarized state against one- and two-spin flips. Also established are the criteria for
unsaturated ferromagnetism, wih,,, andS’ reduced, depending on the relative signs of hopping parameters.
The behavior of the critical field for periodic chains with arbitrary length at half filling is driven by Coulomb
interaction, lattice frustration, and crucially band curvature. Unsaturated ferromagnetism, reminiscent of
Nagaoka-like behavior, and the influence of spin liquid states are examined in the structure of off-diagonal spin
correlations at largé). [S0163-182896)05720-1

[. INTRODUCTION tions for unsaturated ferromagnetism in Hubbard models
generalized to a two-orbital band structure in half-filled
The great interest in lattice models of strongly correlatedings. By unsaturated we mean maximum spin ground states
fermions comes from the belief that magnetic ordering,SmaxWith reduceds’. The problem is simplified considerably
Mott-Hubbard, and highF, superconductivity phenomena if the system is placed in a strong magnetic fiéld:
are contained in the direct competition between band and

. ; X . : h
localization tendencies of electronic behavior. With the re- H=-— E tU_CiTU_CJ-’O.'FUE niNi | — 5 E on; ,.
cent progress made in the technology of developing super- (Li)e i 21%
paramagnetic mesoscopic systems such as rhodium clusters @

(which exhibit ferromagnetism not seen in bylhigh-T,  The indexo refers to the two species of fermions. They can
materials such a8/0),P,0, and SsCu,0, weakly coupled  represent spin indices f@=3 electrons or orbital indices for
with arrays of transition metal ladders, and the discovery ofwo-component fermions. The first term is the nearest-
superconductivity and ferromagnetism in doped fullerenespeighbor hopping and it is spin dependent. Althougmo
much attention has turned to Hubbard-like models on finitdonger commutes wit!s’, we will show it is still possible to
clusters of rings, chains, spheres, arrays of cubes,@lgs-  distinguish spin in the large limit with one spin flip. We
ter analyses for an arbitrary number of sites must in genergXplicitly do notrestrict ourselves in the values sign of
be handled by numerical metho#ighe reliability of numeri- NOPPINg parameter,, or U. In this way we interpolate be-
cal simulations is quite often not so obvious. tween the various well-known systems. Whgr-t,>0 we

In this paper we shall focus upon simple modifications infégain the Hubbard system. Wheﬁo.r L vamghes thertl)
the usual Hubbard model that generalize to a multicompo'—s a FK model. In allowing for negative amplitudes, the case

nent band or orbital structure. This allows us to interpolatetl: — [z can be considered as a nonrelativistic analog for

between a closely related family of models. The Falicov-rnaSSIess fermions in a Luttinger modefhe Coulomb pa-

) ; ’ rameterU in the second term may also be attractive or re-
Kimball (FK) model is characterized by one flat band andpulsive. The external fieldh separates the centers of the

one conduction bantiThe model with an attractive interac- bands for each species.

tion between particles and holes in bands of opposite curva- The two-orbital generalization introduces an additional
ture is known as the excitonic modeMe will come to  frystration effect. Onéreferred to as topological frustratipn
understand fully the conditions for and the nature of ferro-comes from the nonbipartite structure of oddings, where
magnetism when both finite-size effects and orbital structurgy is the number of sites in the riffgAnother effect comes
are accounted for in a unified fashion. As we work with from the difference in sign of hopping parameters for the two
periodic chains at half fillingn=1), we expect an instability species. This we refer to as orbital frustration, and it is re-
in the fully saturated ground state at any finile The sta- sponsible for a distinct magnetic phase that we identify as
bility of the Nagaoka statein the U—o limit away from  the unsaturated ferromagnet. Additional properties of this
n=1 was shown to be strongly dependent on the parity irpphase will be viewed as well in the behavior of spin corre-
both the number of holes and atomic sites as well as the sigiations describing off-diagonal long-range ordering
of the hopping term for finite latticésAt exactlyn=1 there  (ODLRO) in the system. We show that spin liquid behavior
should still be a strong role played by lattice frustration orcoming from lattice frustration acts to reduce the degree of
parity on the magnetism of the ground state at fitte ordering and the combination of frustration effects distin-
We present exact and analytic results concerning condiguishes clearly the presence of the new phase. Finite-size
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effects manifest in the condition for ferromagnetic instability = The Hamiltonian2) can be transformed exactly by elimi-
and will be shown to be strongly suppressed depending onating terms that represent mixing of spin and charge states.
u. We move to the Hubbard representatfon

The studies here consist of analyses of three questions. b o 0 o 0
First is the existence of a critical field for arbitrary sign and Cir,=Xi "+ oX7, ci=X{ “+aX. 3
values oft,t,, below which the fully saturated state be-
comes unstable. At=1, we can always expect to obtain a
finite critical field, although the behavior will depend the
level of frustration in the system. We calculate the critical Bi=1>, o(XI°X; 72+ Xg%X; 73),
field for a two-component model using periodic finite chains 7
for any U>0. From this we come to the second question.
Namely, how does the critical field depend on ring size and B,=1> (X9OX;, 72+ X950 7?),
interaction? By analyzing exact results for small rings we o
find a finite-size effect on the relative stability of the fully 4
polarized state. This effect is intrinsic to the properties of = XgOK07 4 X2 0x > 02
closed chains and will not be observed in the thermodynamic =& 2 M 1 72 o
limit. Large-U suppresses finite-size effects for stability de-
pending on orbital frustration. The question of the symmetry 0u0 v o2
of the spin wave function at large is then studied. This is 7= 2, a(X§OXY7+XE X, 7).
shown to be a global property of the system and persists in 7
the thermodynamic limit. This distinguishes the behaviorThe adjoints of the above operators are obtained by reversing
from the Nagaoka ground state, which has been proven tthe order of the products of th¢ operators that appear and
exist at finite doping, and an interaction only for special bi-also the order of the superscript indices. Thand B op-
partite lattices. Also investigated is the question of the order erators represent interconfigurational terms that decrease and
of the transition. increase the number of doubly occupied sites by one unit,

The paper is organized as follows. In Sec. Il we presentespectively. Ther operators conserve the number of empty
exact results for the spectrum and phase diagram of the tw@nd doubly occupied sites and will not contribute when the
site cluster. Also given will be results concerning the groundcluster is half filled. The transformation matrix can be writ-
state at the critical field of three- and four-site clusters. Inten in the form
Sec. Il we support our conjecture regarding the symmetry
and parity effects on the the ground state of our model in a_ + + +
critical field for closed clusters witN sites. We also calcu- T—1—a:2112 ValBo~ B“Ha;l,z (Ug=1)(BoBatBoB,).
late the exact critical field for the infinite chain and compare (5)
it at t;=t, with known results for the Hubbard model. In
Sec. IV we look at the problem of a single spin flip for large
U in more detail by calculating off-diagonal spin correlation

Let us define the operators

Unitarity TT*=1 requiresu?+v 2=1. The conditions that
eliminate mixing are

functions and then pr_oceed to .s.how. that the translthn is —2Ka(u§—vi)+Uuava=O. 6)
smooth by comparing it to the critical field for two spin flips
at largeU. The Hamiltonian can now be written in the spin representa-
tion, appropriately projected to yield the ground-state wave
Il. EXACT EFFECTIVE HAMILTONIAN function for non-negativéJ:

FOR TWO-SITE CLUSTER Her=3,(SA(1)S4(2))+ 3, (S(1)S(2) + (1) 9(2))

An exact decoupling of charge and spin states for a two-

site cluster will clearly exhibit the spin symmetries that we + M_h(SZ(l)JFSZ(Z)),
expect to see for arbitrary chains. We begin with the two- 4
component Hubbard Hamiltonian on the cluster
Ji=—(E1+Ey), J =—(E1—Ey). (7)
H=—ty(c],co +he)—ta(c] ey +ho) We have used
h & U 2\ 1/2
+U(n1¢”1¢+n21n20——i:21 oNj 5» 2 Ea(U,Ka)=E—(sgrU)<4K§+ T) ,

where we allow the hopping amplitudes,t, to be either

positive or negative. Periodic boundary conditions on a two- = %E oX77= %E an,,
site cluster will simply rescalé— 2t. The coulomb param- 7 7

eterU may be either repulsive or attractive. It is convenient bl at it

to symmetrize the hopping parameters S'=X'=cic, S =X=cic.

The spin operators may be thought of as those of the original
Lt 4Lt fermions in the Hilbert projected space of one electron per
=T emTy T site.
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S
’//’/t 2 FIG. 1. Spectrum for a two-site cluster in the
2t Y Hubbard regimet;t,>0. Statess refer to a sin-

glet andt refer to a triplet.

-10 b

We regain the Hubbard limit wher,=0 and obtain the 1
well-known isotropic Heisenberg antiferromagnetic model t;t,<0, |GS=— (|T])+]|lT)), S=1, Egs=E,.
with exact exchange coupling-E;. When x;=«, (corre- V2
sponding to the FK modglwe obtain a classical Ising anti- (8b)

ferromagnet with exchange 2E,= —2E, . The sign ofJ, The spin functions here represent the dominant compo-
is determined completely by the sign of the prodiytj. The  npent of the ground-state wave function of the original system
case When<1 vanishes ylelds an orbitally frustrated Heisen- in the limit of |argeU_ The Spin Symmetry is either the pure
berg model that may be brought to the form of the standargeduced spin singlgiS=0) or the unsaturated ferromagnetic
spin model with exchange E,, by a rotation of one of the state(S=1) and we predict the same type of behavior to be
spins by about thez axis. The general ,t, model forn=1  displayed for anyN site ring including the thermodynamic
is clearly an anisotropic antiferromagnetic Heisenberdimit with one spin flip. The total spin quantum numi®iof
model. the spin component of the ground-state wave function re-
We identify the Hubbard-like regime ast,>0. In this  mains well defined. Eigenvalues of operafracting on the
region, the full spectrum is shown in Fig. 1. We chose to seground state of the two-site cluster for adyin the fermion
t;=1, O<t,<1, and h=0. Similarly, the spectrum when representation are reduced{a— 7°S(S+1), with S given
t,t,<0, t;=1, 0<—t,<1, andh=0 is shown in Fig. 2. Re- above and772 giving the probability of a double occupancy.
sults for the ground-state wave functions with repulsive ~Crossover in the spin symmetry of the ground state occurs at
are summarized thusly: U =0 whent;t,<0 (shown in Fig. 2 and for the FK model
t;t,=0 with U>0 (Fig. 3). WhenU is attractive, the ground
state is always of the bosonipaired type and is a spin
1 singlet. This is shown in Fig. 4. Henceforth we consider only
> = — = = repulsive potentials.
ttz>0. [C9 V2 (TH=[). $=0. Ees=Ey, From Egs.(8) we can immediately see the direct effect of
(8a orbital frustration upon symmetry of the ground-state spin

10 |

E[U] o " = FIG. 2. Spectrum for a two-site cluster in the
//Tf/——— orbitally frustrated regime;t,<<0.

-10




53 FINITE SIZE EFFECTS AND UNSATURATP . .. 12 807

t, t1t2< 0, S= g, SZ: % (10b)
The wave function associated withOb) shows the expected
¢ < unsaturated ferromagnetism
t s |G =1IV3([TIT)+[LTTY+[TT1)). 11
¢ In the Hubbard regimé10a, the ground state is twofold
i degenerate with reduced spin. This is the finite lattice frus-
s t tration effect that we will show reduces spin ordering as in a
spin liquid. The critical field for théN=3 cluster is given at
s t arbitraryU by
3g 2 gU U2 1/2 U g
“c—[(f T tE| e 12
FIG. 3. Ground-state phase diagram for a two-site cluster whetvhere
U>0.
g(ty,tp,K)=2t3+1t5— 2t;t, cosK (12)

wave function. If we introduce a strong magnetic fidld

then the saturated ferromagnetic ground state with maximurgng momentunk is to be chosen to maximize, (or mini-
S (Nagaoka stajebecomes unstable when the field is low- yize energy. The special casgt,=0 is the ground state of

ered to its critical value: the frustrated Ising antiferromagnet and will not have a defi-
nite quantum number associated with total s@n This
he=V4(|t,]+[to])) 2+ U?%4—U/2. (99  mixed state at the critical field isl-fold degenerate, corre-

sponding to the number of available momentum states.
Here we invoke periodic boundary conditions on the cluster. For anN=4 site ring the single spin-flip ground-state spin
The transition reduces the total spintjt,>0 and preserves quantum numbers in the stromgdimit of one electron per
maximum spin when orbitally frustratedt,<0. By break- site are
ing the rotational symmetry of the model, we allow the sys-
tem to maintain che spin symmetry of the Nagaoka state t,t,>0, S=1, S*=1, (139
while reducing thes* component.

Similar behavior for anyN will appear in the symmetry
properties of the component of the ground-state wave func-
tion with double occupancies projected out in a strong field., i i ) o
This was checked explicitly X =3,4 sites. WhetN=3, we The projected wave function at large with one spin flip is

have for the projection at largel of the single spin flip
ground state with one electron per site IGS=L2TTTHFTTID+ITLITDFLTTT)). (19

tjt,<0, S=2, S=1. (13b)

tt,>0, S=1, =1, (109 T_he signs refer to Hubba}rd and orbitglly frustrat_ed re-

gimes, respectively. The spin state remains pure, @itte-

termined strictly by the sign of;t,. This suggests that the

ty simple condition determining unsaturated ferromagnetism

will persist for anyN. We expect to find the origin of this
effect to come from the optimizing choice for the excitation
center of mass momentukh. Reduced spin states will result
from choosingK at the edge of the reduced Brillioun zone
(7). Symmetric spin states will havk=0. We show this
explicitly in Sec. 1ll. We give now the exact critical field for
the four-site ring at anyJ,

a\'? (¢ 4w
—§) CO{g'f'?)—U, (15

te

hc.=g

with

. . cosp= — aﬁ'a 121
FIG. 4. Ground-state phase diagram for a two-site cluster when 2
U <o. 27
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FIG. 5. Critical fieldh, for a single spin-flip

2.25} 1 instability of a saturated ferromagnet with=2
in rings up to N=15. The top curve is for
t;=t,=—1, while the bottom curve is for

t,=t,=1. The horizontal line marks the result in
the thermodynamic limit.

U=2
1.5
1.25 R
2 4 6 8 10 12 14
N
20[ , 63 We letk,;=7K—q andk,=(1—n)K+q, whereK andq
b= 57|« + Bl are the center of mass and relative momentum coordinates,
respectively.n is a parameter to be chosen to ensyfe])
U U =y(—q). The center of mass and relative coordinates
a=— 1+_), a=——. R=(xj+Xx;)/2 andr=x;—Xx; are defined in the usual way.
g g The equation fory is thus
In concluding this section, we write down the effective an- —t,sinK
isotropic Heisenberg model to lowest order in parameter tltannsz, (29
t,,t,<U for any latticé? o2
yielding the dispersion relation
H=J..<Z> [sza>szu>—%]+ai<2> [S*()S™ (i) N 1 0
1 1 —_—=
: : U 4G e—g(ty,ty,K)coq’
+S7()S*())]-h2 S, where
I
(16) e=E-U-h—-Eg.
26+t 2t Bound b he el d hole exigt lie
=g L= ound states between the electron and hole exi&t fes

below the bottom of the band determineddiy, ,t,,K). For
one-dimensional rings we always have a bound state when

All conclusions regarding spin symmetry of the single SPING <0 The minimizing values foK are given

flipped state for anyN will be seen using the spin Hamil-
tonian (16). Since J; is always positive, the Ising part is N—1
always antiferromagnetic. t1t,>0, K=ax for Ngyeny K=——m for Nyyqg;

N
(219
lIl. SYMMETRY AND FRUSTRATION EFFECTS
FOR N-SITE RINGS t;t,<0, K=0 for all N; (21b

Let us now calculate an expression for the critical field on
N-site closed clusters withle:‘or any non-negative). We ttz=0, K, N-fold degenerate. (219
conjecture that the phase transition is smooth, in which case |n the thermodynamic limit integration ¢R0) yields h,
it is exact. In Sec. IV we give a real indication that this is \whenE=E:
true. So our single spin-flip ansatz for Hamiltonig) is

hc=\/g(tl,t2,K)z+Uz—U. (22
|z,/;>=z l/fijCLCiHF), (177  This agrees with previous results for the Hubbard model
1]

whent; =t,.12In Figs. 5 and 6h, is plotted as a function of
, —m.at . ~ N up to 15 sites for botl;t,=+1 and we also include the
:2:2 d| Z'zatel.TlLTsTiL(gihalengg}:ﬁ:]sgg;eeggztri%% 3;2‘; Iﬁ!y d?:ggr- infinite chain limit as the horizontal line. Figure 7 shows

i . . ; results fort,=0.
sion relation. The coefficients are written . .
There are a couple of important observations to be made

in Figs. 5 and 6. We notice that is independent of the sign
ij= > (ke ko) exp (Ko + KoX;). (18)  oftit; when the rings are bipartite. This is clear from the fact
k1.kz that a unitary transformation df rotates one system to the
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0.3} 1 FIG. 6. Critical fieldh, for a single spin-flip
instability of the saturated ferromagnet in a
strong interaction limit withJ =40 in rings up to
N=15. The top curve is fot;=t,=—1, while
the bottom curve is fot;=t,=1. The horizontal
line marks the result in the thermodynamic limit.

other without altering the spectrum. For even ritgsgives  one spin flip. A single overturned spin behaves like a free
an upper bound to the infinite chain result. Lattice frustrationparticle, yielding the spectrum
has two effects. It relatively stabilizes the saturated ferro-
magnetic ground state. When the lattice is frustradddd), E,=Eg+h—4J,+8J, coqg. (23
; o ST q=EF I L
h. is a lower bound to the infinite chain limthence the

oscillations and is a monotonic increasing functionNf It |t can be easily verified that, obtained above agrees with
also breaks the degeneracy coming from orbital frustrationgq (22) to lowest order. Exchange coefficierdtsandJ, are

This becomes more pronounced @sincreases. The stron- given in Eq.(16). The ground-state eigenfunction is written
gest oscillations ofh, as a function ofN are correlated

strictly with both t;t,>0 and lattice frustration. We may
conclude that spin liquid states stabilize the saturated ground lp)=> APiS (i)|F), (24)
state. This liquidlike behavior for small is analogous to the i
spin liquid phase in two-dimensional antiferromagnetic trian-
gular (frustrated lattices™® where A is the normalization constant. This is simply the
In comparing Figs. 5 and 6, it is clear that strddgdis-  U—c limit of ansatz(17). To prove that total spin quantum
tinguishes orbital frustration by almost completely suppressahumber remains well defined for 4l ,t,, it is sufficient to
ing finite-size effects whetyt,<<0. Lattice frustration plays show
a role only in the spin liquid regimeé;t,>0 by partially
stabilizing the saturated ground state. The thermodynamic ) =S(S+1)| ). (25)
limit result is reached already for a&l>3 whent;t,<0 and
for bipartite rings witht,t, positive or negative.
The symmetry of the projected wave function with one
electron per site is determined by the signtgf,. This can

One easily can verify that

be made clear if we make a similar analysis in strahgf |y = N EJF]_ ) -0 S=S ZE (263
the ground state of anisotropic Heisenberg mddé) with 212 I max- 2’
1.2
1.1p
b 't ] FIG. 7. Critical field for Falicov-Kimball
oob rings witht,=0 up toN=15 for U=2. The hori-
’ /\ zontal line marks the result in the thermodynamic
limit.
0.8
0.7
U=2
0.6
2 4 6 8 1‘0 12 14
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FIG. 8. Critical field for one and two spin
flips with U=40 andt;=t,=1 in rings up to
N=16. h, for two spin flips is below that for one
spin flip, indicating a smooth transition.
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0.2 \ T ¥ v
0.19
h. O0-18f
0.17
U=40
0. 16 top: 1 spin flip Jy >0
bottom: 2 spin flips
0.15 ) ) ) ) g
4 6 8 10 12 14 16
N
NN
Sl=5 |51/, a=m S=Sp 1
(26b

Condition (26b) holds only forN even or in the thermody-

namic limit, while (264 is true for anyN. Thus

[H.S|y)=0.

(27)

Results for the ground state may be summarized as

J, >0, q=7 for Negyen

(N-1)
=N " for  Nggg;

S=Smax— 1.

N
J, <0, g=0 for all N, S=SmaX=§.

(283

(28b

In the sector of states with more than one spin fipill
not in general be true and we no longer have pure states. It@pidly to theN—x result, indicating suppression of finite-
the isotropic antiferromagnetic Heisenberg lindjt=2J, .
The total spin then becomes a good quantum number and #&s of the single spin-flip wave functidg4).
maximally reduced to the valu8=S,,,—N;, whereN; is

the number of spins flipped.

IV. SPIN CORRELATIONS AND TRANSITION ORDER

Figure 6 gives us a picture of the strength of long-range
ordering in our system wheb is large. As a rule, we can
say that a higheh, is associated with longer-range correla-
tions. Weakelh, is associated with reduced ordering and a
stabilized saturated ground state. To see this, consider the
correlation defining ODLRO in thXY plane

c(x—y)=(ST (XS (y)+ S (x)S"(¥)).

We take the expectation using the wave functiof2i). One
finds

(29

1
C(x—y)~ i coR(X—Yy).

The system has ferromagnetic ODLR@/N) when q=0,

J, <0 for all N. This is the unsaturated ferromagnet. Antifer-
romagnetic ODLRO in theXY plane (— 1)|m’y/N exists
whenJ, >0 for bipartite lattices. In both casés converges

size effects. This is all consistent with our symmetry analy-

Lattice frustration introduces finite-size effects when
J, >0. Stabilization of|F) is seen in Fig. 6 and there is a

0.2
1 spin flip T
o
0.19 / 2 spin flips
0.18 |
hc
/

0.17 / U =40
0.16 Ji<0
0.15 N N N L

4 3 8 12 14 16

FIG. 9. Critical field for one and two spin
flips with U=40 andt;=—t,=1 in rings up to
N=16. h, for two spin flips again lies below that
for one spin flip, indicating a smooth transition.
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FIG. 10. Critical field as a function dff with
t;=t,=1. The region of upper boundsertical
shading comes from bipartite periodic chains,
whereas the lower-bound regi¢imorizontal shad-
ing) is the spin liquid regime for odd chains.

we have to deal with essentially hard-core bosons with a
reduction of ODLRO in the system. The correlation goes likenearest-neighbor repulsion, so no bound states exists. Coef-
[(—1)™Y/N]cos(z—y|w/N). This is spin liquid type be- ficientsa;; are written as in Bethe ansatz,
havior for nonbipartite finite lattices. In the thermodynamic
limit the effect vanishes. We emphasize that the appearance

of maximum spin states and unsaturated ferromagnetism, un- aj Ikz;( a(ky,ka)[explikqx;+ikoX;)
like spin liquid behavior, is a global property and persists 172
whenN—oe, +explikox;+ikyx))]. (3D

We now examine more closely the question of the order N _
of the transition. The reduction & has thus far been as- We make sure to handle the hard-core condition by introduc-

sumed to be smoottsecond order Justification will come  ing diagonal coefficients;; in the usual mannéf. The fol-
from the calculation ofh, for a transition from the fully lowing dispersion equation is obtained:
magnetized state to an eigenstate state with two spin flips. A

second-order transition will have a smaller critical field as- 1 D 1 _ Ji (32)
sociated with this case in comparison with one spin flip. N 4 cop—cog '
Again we work in the largéd limit with the anisotropic Jjcop—2J, cosy

Heisenberg model16). Our two-spin-flip ansatz is
g is the relative momentung is center of mass momentum,

e and
)=2 a;S" (S (DIF). (30)
- -—° 33
The strong-coupling limit reduces what would be a four par- cop= Q’ (33
ticle problem in the original fermion space to a two-body 16‘]J_COSE

problem in the projected Hilbert space where particle and
hole are fully localized. The problems are similar, only nowwith

FIG. 11. Critical field as a function df for
the orbitally frustrated casg=—t,=—1. The
region of upper boundévertical shading comes
from bipartite chains, whereas the lower-bound
region(horizontal shadinygis the unsaturated fer-
romagnetic regime for odd chains.
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e=E+8J),—2h—Eg. (34)  exactly for N up to 15 sites. We found that although a
. _ . smooth transition to a singly spin flipped state is inevitable
Q is chosen to minimize the energy. The lowest energy IS(hcaéO), the dependence of the critical field on lattice frus-
now above the bottom of the band shown(32). tration, orbital frustration, and) reveal interesting and de-

A plot of h, for two spin flips in rings up tN=16 is finitive magnetic properties. Results are summarized com-
shown in Fig. 8 withU =40 and for the isotropic antifferro- ‘mag prop '
ctly in Figs. 10 and 11.

magnetic spin model. This is the bottom curve. The toppa . : . . .
A distinct magnetic phase with maximal total spin states

curve is the single-spin-flip result and it shows that indeed Z X X
the transition is second order. Figure 9 is the same plot, buSma) @nd reduceds*= S, —1 is obtained as the ground
for J,= —2J, . Here the transition is also shown to be sec-State whenJ, <0 andU is large. This is true for both bipar-

ond order. Note that the oscillation in Fig. 8 is consistentlit® @nd nonbipartite rings and remains in the thermodynamic
with antifferomagnetism, while the monotonic structure inlimit. Results here for unsaturated ferromagnetism do not
Fig. 9 is consistent with unsaturated ferromagnetism. This i§onflict with the Lieb-Mattis theorem, which asserts a mini-
a strong indication that the tendency toward maximizing toMUM Spin ground state for chains with open boundaries, and
tal spin will remain even as the magnetic field is reduced tPin-independent non-negative hopping paraméteFaiese

zero, althougls is no longer a good quantum number. states were found to exhibit power-law decay with off-
diagonal ferromagnetic type of ordering. This phase can be

found as well for both the two-site cluster and infinite chain
with open boundaries. In the lardg¢dimit, finite-size effects

We have investigated conditions for which both saturatedn the behavior ofh. are completely suppressed for these
and unsaturated ferromagnetism are to be found in a genersfates. Oscillations i, as a function ofN are found to
two-component Hubbard model with a repulsive Coulombcharacterize the ground state whép>0, and the system
interaction in a strong magnetic field. The model with exhibits a reduced total spin with antiferromagnetic ODLRO.
t;t,<0 identifies the unsaturated ferromagnet and may bé&his ordering is diminished when the lattice is frustrated, and
relevant to the problem of orbital magnetism in heavy fermi-the ground state is reminiscent of a spin liquid. Here the
ons, since electrons from two orbitals with different curva-saturated ferromagnetic state is relatively stabilized when
tures are participating in electronic transitions. We expectompared with the orbitally frustrated case. The Falicov-
excitonic correlations in mixed valence statasalogous to  Kimball limit has anN-fold degenerate ground state in a
the spin-flip phasein frustrated lattices at high pressure critical field and represents the crossover between unsatur-
(strong magnetic fieldnear the boundary to fully polarized ated ferromagnetism and reduced spin ground stategs tip
orbitals to exhibit properties similar to the unsaturated ferroparameter space.
magnet. The orbitals may in this interpretation kseahd 4 Future work is planned to focus on finite-size effects for
for example. Our analysis was done for periodic rings at halarrays of two-component coupled Hubbard chains and cubes.
filling. Exact results were obtained by focusing on two- We also plan to investigate the meaning of stability and un-
particle spectra of the system in a critical field. This critical saturated ferromagnetism conditions when the Coulomb in-
field was determined analytically for an infinite lattice andteraction is attractive.

V. CONCLUSION

1A, J. Cox, J. G. Louderback, and L. A. Bloomfield, Phys. Rev. (1993; P. G. J. van Dongen and V. Janis, Phys. Rev. L#if.
Lett. 71, 923(1993; J. C. Grossman, L. Mitas, and K. Ragha- 3258(1994; R. Strack and D. Vollhardipid. 72, 3425(1994).

vachari,ibid. 75, 3870(1995. 83. M. Luttinger, J. Math Physl, 1154 (1963.
°E. Dagotto, Rev. Mod. Phy$6, 763(1994; R. M. Noack, S. R.  °E. H. Lieb, Phys. Rev. Lettl0, 1201(1989; H. Tasaki,ibid. 69,
White, and D. J. Scalapino, Phys. Rev. L&, 882(1994. 1608(1994); 73, 1158(1994.

°L. M. Falicov and J. C. Kimball, Phys. Rev. LeB2, 997(1969.  10o N Kocharian and P. S. Ovnanian, Z. Phys88 161 (1991).

“T. M. Rice, inSolid State PhysicéAcademic, New York, 1977  11p N. Kocharian and G. R. Reich, J. Appl. Phy$, 6127(1995.
Vol. 32; L. V. Keldish and Y. V. Kopaev, Fiz. Tverd. Tela 1244 Frahm and V. E. Korepin, Phys. Rev.42, 10 553(1990; M.
(Leningrad 6, 2791 (1964 [Sov. Phys. Solid Stat®, 2219 Takahashi, Prog. Theor. Phy42, 1098 (1969; M. Ogata, T.

SY(li’IGS]- o Phve. Redd7 3921 Sugiyama, and H. Shiba, Phys. Rev. Ld8, 8401 (1991.

6n agao a,. ys. k€ ] 392(1968. . . BBy, Kalmeyer and R. B. Laughlin, Phys. Rev. Le&9, 2095
A. N. Kocharian, G. R. Reich, and A. S. Saakian, Physic20B, (1987; Phys. Rev. B39, 11 879(1989

719 (1995. u . . .
7D. C. Mattis, Rev. Mod. Phys8, 361(1966; H. R. Krishnamur- D\'(frl'(Mla;g;The Theory of Magnetism(Bpringer-Verlag, New

thy, C. Jayaprakash, S. Sarker, and W. Wenzel, Phys. Rev. Let}, iob and . h
64, 950 (1990; Q. P. Li and R. Joynt, Phys. Rev. &, 3979 - H.Lieband D. C. Mattis, Phys. Re¥25 164(1962.



