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Impact of magnetic frustration on the Mott transition within a slave-boson mean-field theory
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We investigate the paramagnetic-metal-to-antiferromagnetic-metal and antiferromagnetic-metal-to-
antiferromagnetic-insulator transitions using a slave-boson mean-field theory. To this effect, we discuss the
ground state of the half-filled Hubbard model as a function’ &if and correlation strengttd, wheret andt’
are the hopping amplitudes between nearest and next-nearest neighbors, respectively. The metal-insulator
transition at a criticall,r is of second order for small levels of magnetic frustratidit<0.06, and of first
order for large oneg,/t>0.06. The insulator is always antiferromagnetically ordered, while the metal exhibits
a second-order transition from a paramagnetic to an antiferromagnetic staté’ (ip=t6.14, asU is increased.

We also contrast these findings with what we obtain in Hartree-Fock approximation.

The correlation-driven metal-insulator transition, or Mott magnetic long-range order. The slave-boson method yields a
transition! observed in materials such as® (Refs. 2 and ground-state energy in good agreement with quantum Monte
3) and NiS_,Sg,*>°is a nonperturbative problem usually Carlo simulations including antiferromagnetic ortfeand
tackled within the Hubbard model of strongly correlatedspiral state$? or with exact diagonalization studié%lt has
electrons. This model describes itinerant electrons subject tglso been used to determine a magnetic phase did§eard
an on-site repulsiotJ comparable or greater than the bareto go beyond the Hartree-Fock approximation in problems
bandwidth D. _ o _ involving complicated spatial structures such as strifles.

In an early work, Brinkman and Ri€envestigated the |y the Kotliar-Ruckenstein approach, two aspects of a
Mott transition from the metallic side using Gutzwiller's pnysical electron are separated: that it fermionand that it

. . 8 . . . .
var_lgtl(cj)nal schemé: Iln this apprcl)_xm:jatllzon, t_h?_ mg(;al'&s Ide- affects theoccupancyof some site. The first aspect is taken
scribed as a strongly renormalized Fermi liquid. A 10W-j.i4 account by a fermionic field;,, while the possible

energy scaleZD (Z is the quasiparticle residueollapses occupancies of the sites are described by bosonic fields:

linearly in U as the Mott transition, occuring at a critical describes emptyp... singly occupied, and, doubly occu-

%?F;ﬂésr:gg:%ﬁgz%t?n:rg nrg:a;lllc SIdeD is a measure pied sites. The physical electron field is represented as

We investigate the implications of antiferromagnetic Ciojzio‘ln W+'th fio:(l—Prapm—O_lrdi) 1/2(ei+pio
long-range order on either side of the Mot transition. To this* Pi—,di")(1—e e —p;_,p;-,) "% while appropriate
effect, we introduce magnetic frustration, which helps stabionstraints eliminate unphysical statésThus, the problem
lize an antiferromagnetic metallic phase for not too largePosed by the Hubbard interaction is shifted to that of keeping
levels of frustration and causes the insulating side to favotrack of the backflow of bosonic excitatior%ﬁjg, accom-
antiferromagnetic long-range ordér? We determine the panying the itinerant fermiong;’ f,, .
phase diagram and the orders of the transitions in mean-field Proceeding along the lines of Ref. 13, we first set up the
theory using a slave-boson technique. Our work complefunctional-integral representation of the Hubbard model in
ments previous studig® and adds some analytical insights terms of the above-mentioned auxiliary fields, integrate out
on the interplay of electron-electron correlations and magnethe fermions, and solve the remaining problem in the saddle-

tism. . o point approximation. To describe antiferromagnetism, we di-
The single-band Hubbard model is given by vide the lattice into two sublattice#y and B, and look for
solutions satisfying the following relations between the sub-
A= _z tijcitrcjzr"_UE ﬁ”ﬁil’ (1) Iattig:e Bgse fieIds:eBz_ €r, PBe=PA_o» dedA_, ar_md m
ijo i =Pa; —Pa;,» Wherem is the staggered magnetization. For

. our result, we need the dispersion relations of the renormal-
where we take the amplitudés to be nonzero only between L
'%{fd quasiparticle bands,

nearest and next-nearest neighbors, in which cases they equ
t andt’, respectivelyc;. andc;, are creation and annihila-
tion+operators .for an electron of 'sp'm at sitei, gnd ﬁi(., e,[X]= — 4t’ cosk, cosk,+ nt \/X2+4(coskx+cosky)2,
=¢,,Ci,. In this paper, we consider the two-dimensional )
cubic lattice and restrict ourselves to half filling and zero

temperature.

We use a slave-boson mettdih which the approxima- where the lattice spacing has been set equal toXigsome
tion of Gutzwiller, Brinkman, and Rice is recovered on thedynamically generated staggered magnetic field, and
saddle-point level, but which at the same time is open to==*=1. The equations for the density per sitehich at half
various generalizations such as the inclusion of antiferrofilling is equal to on¢ and the staggered magnetization,
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1 ~ =-J. Therfore, the mean-field theory gives rise to the en-
1=5 > feg,[XI— 1), (3)  ergy scalel and correctly accounts for a ground-state energy
kn of the order of—J per site. Finally, we note that the leading
1/U corrections do not depend dn. More generally, the
X )= 1 D X entire insulating phase is unaffected by next-nearest-
m(X,u)= N < X7+ 4(cosk, + cosk,)? neighbor hopst’ enters only via Eqs(3),(4), and (7). For
X Y the insulator, however, only the bang_—but the entire
x{f(e,;,[X]—ﬁ)—f(e@[X]—ﬁ)}, (4) one—contributes to th& sums in these equations, and
. _ . drops out.
can be so!ve~d unar.nb|guouslly fk{~rand the effective chemi- The ground state for given model parametersand a
cal potentialu, to yield functionsu(m) andX(m). In Eqs.  =t'/t corresponds to the minimum of the energy function
(3) and(4), N is the total number of lattice sites, the sum is (8). « is a measure for the degree of magnetic frustration and
over the first Brillouin zone, anfl(e)=0©(—¢) is the Fermi  is varied from zero to one. We may restrict ourselves to
function at zero temperature. From the mean-field equationpositive «, since a sign change aof is tantamount to a
) particle-hole transformatiors; ,— exp{iQRi}aiT_,? [a anda®
dq(m,d )K(m)+U=O (5) describe the quasiparticles with dispersi@, Q= (,),
ad? and F§i is the lattice vector to sitg]. The evolution ofe(m)
as a function ot anda reveals how the transitions between
the various phases take place.
42 For «#0, the inverse susceptibility, x~
4 [1-2d2+(1-20D%—m?], (6 = 9%e(m)/ om?|,—o, is known explicitly and changes its sign
1—m? ' from positive to negative ad) is increased to above
Uo=8|K(0)|(\IK(0)I/(|K(0)[—ty)—1).  Here, 1§
=(1N)3:1/|cosk,+cosk| and S denotes the sum over
those regions of the first Brillouin zone, which are restricted
(7) by the condition e;_(X=0)<u(m=0)<e,(X=0). U,

we obtain the average portion of doubly occupied sites as §1d ¥ depend only oru.

function of the staggered magnetizatiat(m). This func- Whether the system is metallic or insulating depends on

tion along with Eqs(6) and (7) allows to write the ground- the vglue of the ground-state magnet!zatlon: !f it excegds a
state energy per site as a function of the staggered magnefi€ain valuemyr, a gap opens up in the single-particle
~ation as spectrum and the system goes insulating. This can be seen
from Eq. (2) if we use thatm increases monotonically as a
e(m)=q(m)K(m)+Ud?(m). (8) function of X. Consequently, the insulator is always antifer-
romagnetically ordered. We infer from Eq&)—(4) that
This result has an intuitive interpretatios:(m) is the  myr does not depend ob, but on the level of magnetic

kinetic energy of noninteracting lattice fermions with nearestfrustration: Due to perfect nesting, IL@OmM,Tz 0.Asais

and next-nearest neighbor hopping, subject to an intema|;neq onm,,; increases monotonically as a functionaf
staggered magnetic fielkK(m). The renormalization factor In our numerical investigation, we used a tetrahedron

q(m) accounts for the reduction of the hopping amplitudesyathod® and. for a<0.2 andm< M, up to 1dx10*
due to the local correlations and is characteristic of the . ' '

Gutzwiller approximation. In our schema,arises from the points to do thek sums in Eqs(3),(4), and(7). In the dis-

_ ~ cussion of our numerical results, we must distinguish be-
expectation valugz;,z,) and thus represents the averageyeen three regimes of magnetic frustration and may restrict

effect of the backflowing slave bosons. The second term if,e giscussion o&(m) to positive magnetizations. Figure 1
Eq. (8) is the contribution of the Hubbard interaction to the illustrates howe(m) evolves as a function df and . The

energy. , 5 5 resulting phase diagram is displayed in Fig. 2.

For U=0, Egs.(5) and (6) yield d°=(1—m")/4 andq For smalllevels of magnetic frustration, <0« <0.06 (first
=1, soe(m)=K(m). _ column of Fig. 3, we first find a second-order transition

For t'=m=0, Egs. (2—(7) imply: X=u=0; K  from the paramagnetic to the antiferromagnetic metal at a
=2/%_deDy(€)e, whereDy(e) is the density of states for critical valueU = Uo. Upon further increasing, the re-
noninteracting electrongd®=%(1—U/U.) with U.=8|K|;  sulting minimum is continuously shifted towards higher
andg=1—(U/U.)?. We thus recover a result of Ref. 13. magnetizations until it crossesy,; at a second critical

In the strong-correlation limitJ>t, we find up to lead- value,Uy;. Consequently, the metal-insulator transition is
ing order in t/U: d?=4t?/U% q=1-4t?/U?, K=  also of second order. Sinagm,,; vanishes asx—0, both
—8t%/U, and m=1-8t%U? Hence, the ground-state en- transitions coincide in this imit) n.g= Uyt =Uo. We also
ergy ise=—4t?/U. This result is qualitatively correct: In  know thatU,=0 if a=0.
the strong-correlation limit, the half-filled Hubbard model For intermediatelevels of magnetic frustration, 0.66x
can be mapped onto the Heisenberg antiferromagnet with ax0.14 (middle column of Fig. 1, the magnetic transition is
exchange coupling constadt=4t%/U. If we treat the elec-  still of second order and occurs by, Umag=Uo. On the
tron spins as Ising spins and use that the coordination nunether handmy,r is sufficiently large for the metal-insulator
ber of our two-dimensional lattice is four, we also obtain transition to take place differently: Before the ground-state

where the functiong(m,d?) andK(m) are given by
1

q(m,d?)=

1 ~
K(m)=5 2 e IX(m)]f{eg,[X(m)] = u(m)}+tmX(m),

k7
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FIG. 1. The functiore(m) as a function ofJ and the magnetic
frustration. The columns from left to right correspond to the small-
intermediate-, and large- regimes, respectively. The respective
values area=0.02, 0.1, and 0.5, and correspondnig,+=0.09,
0.26, and 0.61, respectively. Each column displays hefm)
changes qualitatively upon increasitg from the paramagnetic
metal (top row) to the antiferromagnetic insulatdbottom row.

The middle row shows examples in the antiferromagnetic meta
(first two plotg, and one after the metal-insulator transition has

taken place but before the local minimumnat 0 turns over into a
local maximum(plot on the right. The plot in the center has its
minimum at a nonzero magnetization, which is not discernible.

magnetization of the antiferromagnetic metal reacimgg;
upon increasindJ, a second minimum at a magnetization
abovemy,r has emerged and become the absolute minimu

of e(m). Consequently, the metal-insulator transition is now

of first order. The transition lined yt(a) from the smalle
and intermediater regimes meet a&r= 0.06 (filled circle in
Fig. 2). At this point, the two degenerate minima of the first-
order transition merge anyr. Finally, the antiferromag-
netic metallic phase disappears graduallynas 0.14 (filled
square in Fig. 2

For large degrees of magnetic frustratioa=0.14 (right
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FIG. 2. The various phases and transitions as a functioa of
=t'/t andU. The smallJ phase is the paramagnetic metal, while
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FIG. 3. The phase diagram in Hartree-Fock approximation: The
paramagnetic metasmallU regime and antiferromagnetic insula-
tor (largeU regime are separated by a tiny range Of values
corresponding to an antiferromagnetically ordered metal. Both tran-

,sitions are of second order.

column of Fig. 1, the antiferromagnetic and metal-insulator
transitions coincidey it =U .4, because the second-order
[ransition atU, is now preempted by the first-order one: By
he time the minimum am=0 bifurcates, the on@bove
myt has already evolved into the absolute one, and remains
to be so, adJ is further increased.

We have also considered the Hubbard model in the
Hartree-Fock approximation. Earlier work on thet’ Hub-
bard model in Hartree-Fock approximation was carried out
in Refs. 10, 11, and 20. As for the two-dimensional half-

ntlilled case, these works did not conclusively answer whether

an antiferromagnetic metal is stable in a certain parameter
regime.

Within our formalism, the Hartree-Fock approximation
turns out to be tantamount to taking=1 andd?(m)=(1
—m?)/4 in Eq. (8), while the functionK (m) is again deter-
mined by Egs.(3), (4), and (7). As a consequencey *
=2(yt—U/4), which changes its sign &ly(a)=4ty(«).
This is the smallkr limit of the corresponding mean-field
expression. Our numerical investigation of the evolution of
e"F(m) asU is increased reveals the following behavior for
all finite values ofa: After a second-order transition from
the paramagnetic to the antiferromagnetic metalUat,q
=Ug(a), the minimum ofe™f(m) is rapidly but continu-
ously displaced towards higher magnetizations, until it ex-
ceedsmy,t. Thus, the metal-insulator-transition is also of
second order. Figure 3 displays the phase diagram in
Hartree-Fock approximation. The error bars of the transition
lines Upaf @) and Uy r(a) become of the same order as
Umir(a@) =Upad @) for @<0.001, and our numerics is trust-
worthy down to aboutr~0.002.

In summary, we have investigated the effect of magnetic
frustration on the metal-insulator transition in the two-
dimensional half-filled Hubbard model within a slave-boson
approach, and we have compared our results to the Hartree-

the larget) phase is the antiferromagnetic insulator. In between, arf 0CK approximation. Within the slave-boson mean-field
antiferromagnetically ordered metallic phase is sandwiched that didheory, our main results are: First, magnetic frustration helps

appears at a tricritical poinffilled squarg¢. The dotted and filled

stabilize an antiferromagnetic metal foft<0.14. Second,

lines indicate second- and first-order transitions, respectively. Théor t'/t=0.06, the metal-insulator transition is of first order.
filled circle marks the point where the metal-insulator transitionFinally, all other transitions between the various phases are

changes its order.

of second order. By contrast, in Hartree-Fock approximation,
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