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We discuss the Mott-Hubbard transition in light of the Hubbard model in infinite dimensions
with special emphasis on the finite-temperature aspects of the problem. We demonstrate that the
Mott transition at finite temperatures has a first-order character. We determine the region where
metallic and insulating solutions coexist using second-order perturbation theory and we draw the
phase diagram of the Hubbard model at half filling with a semicircular density of states. We discuss
the lessons learned from the present treatment of the Hubbard model and the connection to other
approximation schemes and to experiments on transition-metal oxides.

I. INTRODUCTION

The Mott transition, which is the metal-insulator tran-
sition induced by the electron-electron interactions in a
periodic system, has been investigated theoretically and
experimentally for many years.! Experimentally it seems
to be realized in three-dimensional transition-metal ox-
ides such as V,0j3 and can be driven by varying the pres-
sure, the temperature, and the composition.

From a theoretical point of view, several ideas have
been put forward. Hubbard first introduced the notion
of Hubbard bands, which are formed by the states de-
scribing propagating empty and doubly occupied sites.
For large U these bands split, and as U is reduced there
is a critical value of U where the two bands merge again.?
This is the Hubbard picture of the metal-insulating tran-
sition.

Brinkman and Rice,® building on the work of
Gutzwiller, started from the metallic phase which they
described as a strongly renormalized Fermi liquid with a
characteristic Fermi energy scale gradually collapsing as
the transition is approached. The metal-insulator tran-
sition in this view is driven by the disappearance of the
Fermi liquid quasiparticles. Slater pointed out that the
metal-insulator transition is always accompanied by long-
range antiferromagnetic order, and viewed the doubling
of the unit cell, which makes the band structure of the
system that of a band insulator, as the driving force be-
hind the metal-insulator transition.

Building on earlier ideas,~® a mean-field theory of
strongly correlated electron systems has been developed.
It is based on a mapping of the models of strongly cor-
related electrons onto impurity models supplemented by
a self-consistent condition.!®!! This approach becomes
exact in the limit of infinite dimensions® and can be in-
vestigated using a variety of techniques. In this paper,
we complete our study of the Mott transition in the Hub-
bard model in large dimension, expanding on our previ-
ous publications.'?!3 In particular, we make comparisons
of our solutions to experimental observations, and find
good agreement considering the relative simplicity of the
model. Related work on this problem has been carried
out independently by other groups.'4-17
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The paper is organized as follows: In Sec. II, we start
by briefly reviewing the general framework of Ref. 11
to present the set of self-consistent equations that de-
scribe the Hubbard model in infinite dimensions. We
concentrate on the semicircular density of states which
can be realized on a Bethe lattice, or other lattices hav-
ing various amounts of magnetic frustration. The mean-
field equations are functional equations that determine
a Weiss field function Gy and involve a self-energy func-
tional of an Anderson impurity model X;np[Go]. Two
realizations of the Hubbard model which share the same
density of states but have very different magnetic prop-
erties are introduced later to shed light on the issue of
magnetic ordering. We close the section with a discussion
of the methods used to analyze this problem.

To study the mean-field equations we use a combina-
tion of exact methods such as quantum Monte Carlo
(QMC) and analytic arguments exploiting the well-
understood structure of the Anderson impurity model.
We also rely on an approximate method which was pro-
posed by Georges and Kotliar to extract low-temperature
information. We stress that, while at high temperature
this method'? gives results in very good agreement with
the quantum Monte Carlo, in principle is only an approx-
imate scheme and we point out some of its limitations.
The results obtained with this method are useful because
they provide a concrete analytic realization of the func-
tional Ximp[Go] defined in Sec. II, and illustrate in a
simple example the important role played by the self-
consistency condition.?

In Sec. III we describe the thermodynamics and
present the finite-temperature phase diagram of the sys-
tem. We study the dependence of the phase diagram on
the degree of magnetic frustration. In frustrated lattices
the phase diagram features a region bounded by two val-
ues of the interaction U.; and U.;, where a metallic and
an insulating phase coexist. The actual transition takes
place at an intermediate value U. where the free ener-
gies of the two solutions cross. We demonstrate that,
at finite T, U,y < U, < U,,, and the metal-insulator
transition is of the first order, like a liquid-gas transi-
tion. While the region of stability of the two phases is
mode] dependent and will vary upon changing the den-
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sity of states or adding more general interactions to the
Hamiltonian, there are some general lessons that can be
drawn by studying the disappearance of the metallic and
the insulating solution. These are general scenarios for
describing a strongly correlated metal and a Mott insu-
lator.

In Sec. IV we discuss the destruction of the metal-
lic solution. It has many features in common with the
Brinkman-Rice scenario for the disappearance of the
metal and is realized near a critical value of the inter-
action Ug,.

In Sec. V we analyze the disappearance of the insulat-
ing solution. We show that there is another critical point
U, below which the insulating solution disappears. The
existence of this point is related to Hubbard’s early ideas.

Section VI is devoted to the study of the correlation
functions. In particular, we address the question of how
they behave as the transition takes place. We rely on a
combination of analytical arguments and QMC simula-
tions to discuss these points.

In Sec. VII, we make qualitative comparisons
to existing experimental data, in V203® and in
La;_.SryTiO3.!® The agreement leads us to believe that
the Hubbard model and its extended version are at least
qualitatively correct models for describing these systems.
We conclude with some theoretical questions raised by
our work.

II. THE SELF-CONSISTENT EQUATIONS

We briefly review the self-consistent equations which
give the paramagnetic solution in large d, following the
scheme of Ref. 9. The central object in this approach is
a quantity G, which plays the role of the effective field
in magnetic systems. Gy is defined in an effective local
action S obtained by integrating out all the degrees of
freedom except for a single site 0,

S[Goo] = —//de'r'cj,Gac}ccr

+ / drU(ng - 3)(ny - 1). (1)

This action is identical to that of an Anderson impurity
model with arbitrary hybridization. The self-consistent
equations for the Weiss field G are written in terms of
an impurity self-energy Yimp(Go) = (cTc)g(lao) +Gy ' and
the lattice density of states p(e) = >, d(ex — €),

[Go" — Zimp(Go)] ™" = / iw — ep—(egffnp(GO)‘ @

The impurity self-energy evaluated at the self-consistent
Gy gives the self-energy of the Hubbard model in infinite
dimensions.®

We use a semicircular density of states, p(e) =
%‘/1 — (5)?. The set of self-consistent equations then

becomes:

G5! = iw, — t2G(iw,), G = —(c'c)s(qo) (3)
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G(iwy) being the local Green’s function of the Hubbard

model. The spin index has been removed. This density

of states is realized in the Bethe lattice with coordina-

tion d, in the limit that d becomes infinite, and with
t

Hubbard’s hopping parameter equal to Ja In this case

t = D/2. This lattice with nearest-neighbor hopping, if
not frustrated, will strongly favor a Néel-ordered state at
low temperatures.

The semicircular density of states is also realized in the
fully frustrated model,!2-2°

Hpp = -t Z €ijClyCic + U Znnnu- (4)

ij=1,d i

Summation over repeated spin indices is assumed.
Here ¢;; are quenched, independently distributed,
Gaussian random variables with zero mean and a vari-
ance (e?j) = %. This model has a semicircular density of
states with a bandwidth equal to 2¢ and therefore shares
the same local properties as the Bethe lattice, but of
course is not expected to display Néel order at any fi-
nite temperature. Finally we can vary the degree of frus-
tration by studying a two-sublattice version of the fully
frustrated model (TSFFM). The Hamiltonian is given by:

_ t
Hrsprm = —t1 E €ijCisCio
i,jEAor B
+
—ta E €jClyCic + U E nini.  (5)
i€EAJEB 1€ AUB

This model interpolates between the fully frustrated lat-
tice and the Bethe lattice in the antiferromagnetic phase
while still sharing a semicircular local density of states.

In this case D = @ Notice that while the Hamilto-
nians (4) and (5) contain randomness, the single-particle
properties are self-averaging. The single-particle Green’s
functions are the same for any typical realization of the
random variables ¢;;.

As in our previous publications, we have studied the
semicircular density of states instead of the Gaussian
density of states which is realized in the large-dimension
limit of a hypercubic lattice, because the latter has long
tails which prevent the development of a true Hubbard
gap. For a study of the hypercubic lattice see Refs. 14
and 15.

When antiferromagnetism sets in, the Weiss field de-
pends on the sublattice and the spin. For a general bipar-
tite lattice in the Néel phase G4, = Gp—_, the equations
were derived in Ref. 11. For the Bethe lattice, the equa-
tions are simplified to:

Gyi, =iw — t°Gpo, (6)
Gyp, = iw — t?G a0, (7)

where A denotes one sublattice and B the other. The
two impurity Green’s functions G 4 and G g are evaluated
independently, given Goa, and Gop, and the single-site
action S defined at the beginning of this section.
Finally, in the two-sublattice fully frustrated model,
which mimics an intermediate degree of frustration, the
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mean-field equations in a phase where the A and B sub-
lattices magnetize in opposite directions are given by

odo =iw — 1G4y — t3GBo, (8)
(;B}o' =iw — tgGBG - t§GAa- (9)

In a previous work!® we have discussed the fact that
the exact treatment of the problem by a quantum Monte
Carlo solution of the impurity can be reproduced, re-
markably well, by the second-order perturbative calcula-
tion proposed in Ref. 21. The perturbative calculation
allows us to investigate the low-temperature behavior of
the system, including 7' = 0, which is unattainable by
the QMC approach. To second order in perturbation,

2[Go|(1) = =U%G3(7). (10)

We can understand the success of this approximation for
the following reasons. (1) It is good for weak couplings
(U < t) by construction, since the expansion is around
U = 0. As shown by Yamada and Yosida (YY),?! it is
able to produce not only the Abrikosov-Suhl resonance,
but also the upper and lower incoherent bands as well.
YY showed that the fourth-order correction is two orders
of magnitude smaller than the second-order contribution
for the range of the interaction where the metal-insulator
transition occurs. (2) The atomic limit is exactly cap-
tured. When U is very large, and the system is deep in
the insulating side, G ! X iwy,, the nonmagnetic Hartree-
Fock solution of the Green’s function becomes exact,

1/2 N 1/2
Gyl(iwn) = U/2  Gylliwn) +U/2’
(11)

Gr(iw) =

and therefore the self-energy reads,

= (g)zGo(iwn), (12)

which is identical to the self-energy that results from in-
serting Go in Eq. (10) and Fourier transforming. Thus,
the second-order approximation is at least an interpola-
tion scheme which becomes exact for both the U — 0
and U — oo limits.

III. PHASE DIAGRAM AND
THERMODYNAMICS

As discussed in previous publications, the system of
Egs. (1), (2), and (3) has two types of solutions, metallic
when G(0) = ;4 and insulating when G(0) = 0. This
distinction is precise at zero temperature. At finite but
small temperatures, a sharp distinction between a metal-
lic and an insulating solution can still be made, since we
find a region where two solutions are allowed. One can
be continuously connected to the T = 0 metallic solution,
and displays a peaklike feature at the Fermi energy. The
other solution can be connected to the T' = 0 insulating
solution, and the Green’s function extrapolates to zero at
zero frequency. As the temperature is further increased
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this region of coexistent solutions disappears and we are
left with a rapid crossover from a metalliclike solution
to an insulating one. This is possible because at finite
temperature there is no qualitative distinction between a
metallic and an insulating shape.

As mentioned in the introduction, at low temperatures
there are two critical values U.; (the smallest U that al-
lows an insulating solution) and U, (the largest U per-
mitting a metallic solution) between which the mean-field
equations have two solutions. To determine the phase di-
agram we proceed in three steps: (a) We first determine
the region where the two paramagnetic solutions coexist.
(b) We then compare their free energy, crossing of which
determines the phase boundary. (c) We finally study the
magnetically ordered phase and calculate the Néel tem-
perature to check whether the metal-insulator transition
found in step (b) is preempted by a magnetic ordering
transition.

We use the second-order perturbation theory scheme
throughout most of this work because the low temper-
ature prevents the extensive use of QMC. We checked
however that the existence of two solutions is a genuine
feature of the large-d Hubbard model and not an artifact
of the second-order approximation by performing a few
quantum Monte Carlo runs. In Fig. 1 we show a metal-
lic and an insulating Green’s function obtained for the
same value of the parameters U=2.8 and T=1/64, as is
obtained from both QMC and the perturbative calcula-
tion. Throughout the paper the bandwidth D is taken
to be unity. To select an insulating or a metallic solution
we choose Gy obeying Gy (iw) = % or Go(0) # 0 respec-
tively as the initial guess in the substitution procedure
for solving the mean-field equations.

The energy is computed from the Green’s function by

S

aMC ——

Matsubara Frequency

FIG.1. Comparison of the insulating and metallic Green’s
function obtained using the quantum Monte Carlo algorithm
and the perturbative calculation. The value of the interaction
U = 2.8 and the inverse temperature 3 = 64.
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1 . .
E= Ti Zk(zwn + €x)Gr (twy). (13)
The entropy is given by
Tc
S(T) = / 2T + 5(0), (14)
0

where C, is evaluated numerically by differentiating the
energy. S(0) is zero for the metallic side and In(2) for
the insulating side, reflecting the double degeneracy of
the paramagnetic insulating phase.

The physical critical line where the first-order phase
transition takes place is determined by equating the free
energies of the two states,

FM—-FIZEM—EI—(SM-—SI)T. (15)

To gain insights into the nature of the two coexistent
solutions we plot the zero-temperature spectral function
of the metallic and the insulating state in Fig. 2. The
metallic state of the system can be well described by a
narrow central quasiparticle peak characterized by an ef-
fective Fermi energy A = zD where z is the quasiparticle
weight, z = (1 — % ~1, plus two high-energy incoherent
features at :!:% corresponding to the upper and lower
Hubbard bands. The quasiparticle weight z as a func-
tion of U is shown in Fig. 3. The insulator state con-
sists of incoherent features only. Notice however that the
shapes of the incoherent features of the metallic and the
insulating phase are very different.

Figure 4 shows the calculated internal energy as a
function of the temperature for two values of the in-
teraction U. For the smaller value of U the tempera-

ImG
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400 2.00 0.00 2.00 4,00

Frequency

FIG. 2. Density of states for the metallic (thin line) and
insulating (bold line) solutions at T = 0 and the same value
of the interaction U = 2.9, obtained with the self-consistent
perturbative calculation.
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FIG. 3. Quasiparticle weight z as a function of interac-

tion U, obtained with the T' = 0 self-consistent perturbative
calculation.

ture dependence of the internal energy of the metal dis-
plays a characteristic Fermi liquid 72 behavior in the
low-temperature region. The characteristic energy scale
in this regime is set by the renormalized Fermi energy.
At higher temperatures we see a thermal activation of
the incoherent features. In the case of the insulator we
observe only this last effect at an energy scale U — 2D.
In Fig. 5 we plot the specific heat C, as a function

-
0.0

0.1 r, U=2

0.2 —

Energy
S
L
—
[
L

o
"

0.4 — e -

05| e i

0.00 0.50 1.00 - 1.50
Temperature

FIG. 4. Energy as a function of the temperature for a
value of U = 2 in the metallic region (solid line), and U = 4
in the insulating phase (dotted line).



49 MOTT-HUBBARD TRANSITION IN INFINITE DIMENSIONS. II
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FIG. 5. Specific heat C, as a function of temperature.

The solid line is for U = 2 and the dashed line corresponds
to U = 4. In the metallic case (U = 2) it is apparent the
separation of energy scales. The linear part, at low T, ends at
T ~ A, and the thermal activation of the incoherent features
peaks at the bigger scale T ~ U — 2D. This last effect is the
only one present in the insulating case.

of the temperature. The curves are obtained through
numerical differentiation of E(T'). In the strongly corre-
lated metallic phase we find a separation of scales since
A is much smaller than U — 2D. At higher T a thermal
activation peak appears at a scale U — 2D in both the
metallic and insulating cases. The linear-in-T" Fermi lig-
uid behavior is observed in the low-temperature region,
with the slope v proportional to m* ~ (U., — U)™1, as
shown in Fig. 6

The integral (14) gives the entropy as a function of
temperature. As expected the integral over the quasi-
particle peak is equal to In2 as shown in Fig. 7. As
can be seen in Fig. 6, for larger values of U but with
U < U,z the metallic solution disappears discontinuously
before the entropy reaches In2. Therefore, we define a
coherence temperature T, as the temperature where the
entropy reaches the value of "‘TZ The physical relevance
of T, is that it delineates the temperature range where
Fermi liquid theory is valid; see Fig. 8.

The comparison of the kinetic energy T =

(I ekcick) = 3.« €xGr(iwn) and the potential energy
V = U Y (n4n,) of the two solutions, is shown in Fig.
9 We find that the difference in the internal energy of
the two states is much smaller than the correspond-
ing difference in the kinetic and potential energy. The
gain in kinetic energy by delocalization is almost per-
fectly canceled by the loss in potential energy due to the
Coulomb repulsion in doubly occupied sites. This makes
the higher-order corrections from higher-order terms in
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FIG. 6. Specific heat C, as a function of temperature for

several values of U.

the Yamada-Yosida perturbation theory important for
resolving the relative stability of the metallic and the
insulating solution at zero temperature. We nevertheless
expect the small energy difference between the two states
to be a general feature of the problem and not an arti-
fact of second-order perturbation theory. In fact the near
degeneracy of the metallic and the insulating states near
U, follows from the bifurcation of two stationary points
of the free-energy functional at U,,

We can take advantage of the numerical speed of the
perturbative calculation to obtain a detailed phase dia-
gram for the model defined by Egs. (1), (2), and (3). The
first-order phase boundary is determined by the crossing
of the free energy of the two solutions. It ends in a crit-

ENTROPY

L
2.00 3.00 4.00 5.00
TEMPERATURE

FIG. 7. Entropy per spin as a function of temperature for
two different values of interaction, U = 2, 4.
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FIG. 10. Phase diagram of the fully frustrated Hubbard
model at half filling. It is possible to move continuously from
one phase to the other since at high T the transition becomes
0.02 a crossover. The solid line is obtained by comparing the free
energies of the two solutions in the region where they are
Ues both allowed. The dashed lines indicate the region where the
0.0 l metallic and the insulating solutions coexist. The filled square
0.00 100 200 300 700 indicates the end of the first-order line in a second-order point.
U
FIG. 8. Temperature value where the entropy reaches 1“72

as a function of the distance to Ucz. This temperature defines
the region where the Fermi liquid description is applicable.

ical point where a crossover region starts. This is dis-
played in Fig. 10. As emphasized before, due to the very
small energy difference between the solutions, we expect
the position of the phase boundary to be only approx-
imately correct. We have observed in QMC runs that,
for instance, the value of the U,; line that denotes the
disappearance of the insulating solution was shifted to a
smaller value of the interaction U by an amount of order
of ~ 10%.

0.1 ‘l
‘ T=0.02
-0.2 |
g |
2 \
2 .03 ‘
<V>
-0.4
<E> ‘
2.00 2.50 00 350
u
| |
0.1 “ <T>
| T=0.03 |
|
0.2} !
B
g \
s \
0.3 ' <V> |
0.4 ’ Py
\ ! =
2,00 250 300 3.50
U
FIG. 9. The kinetic, potential, and internal energy as

functions of U for (a) T = 0.02 and (b) T' = 0.03. The
hysteresis effect is clearly observed.

We now turn to the determination of the Néel phase
boundary. It depends on the nature of the lattice. For
the Bethe lattice we solve Egs. (6) and (7), while for
the TSFFM introduced before, which mimics a finite de-
gree of frustration, we solve Egs. (8) and (9). The QMC
method is used to estimate the magnetic phase boundary
by solving the equations in the low-temperature region
and determining the temperature where the staggered
magnetization vanishes. The Néel temperature can be
analytically determined on the insulating side for large
U, and is given by J, — J; = 2(tZ — t2)/U. We men-
tion in passing that the perturbative calculation does not
correctly capture the magnetically ordered phase (see dis-
cussion in Sec. VI).

Figure 11 shows the phase boundary between param-
agnetic states and antiferromagnetic states on the Bethe
lattice. In this case, all the low-temperature features of
the phase diagram discussed above are preempted by the
onset of the antiferromagnetic state. On the other hand,
for the case of the two-sublattice fully frustrated model,
with values of tZ = 1t and t] = 32, the Néel tempera-

0.2
PM
) SULAT
&
=
&
< 0.1
o
= Neel Temp.
B
z
!:.‘ Neel Temp. (Frustrated)
1 INSULATCK
¥ 700 & f S 500 500
Uct Uc2
FIG. 11. Thin line corresponds the Néel temperature of

the regular Bethe lattice as a function of interaction U. The
bold line denotes an upper bound for the same quantity for the
two-sublattice fully frustrated model with values t2 = 0.25¢2,
t2 = 0.75t%. The dotted lines are displayed for comparison to
Fig. 10.
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ture is much reduced. An upper bound for the Tn¢el as
obtained from QMC simulations is indicated in Fig. 11.
Simulations also indicate a jump in the Néel temperature
line as the interaction U crosses the first-order transition
boundary. The Tn¢e on the metallic side is smaller than
the one on the insulating side.

It is clear that Slater’s point of view is completely
correct for nonfrustrated lattices such as the Bethe lat-
tice with nearest-neighbor hopping only. The onset of
antiferromagnetism makes the metal-insulator transition
within the paramagnetic phase completely irrelevant. On
the other hand, it is also clear that the presence of
magnetic frustration makes Mott’s viewpoint fully rel-
evant, as demonstrated in the above diagram of the two-
sublattice fully frustrated model.

IV. THE BREAKDOWN OF THE METALLIC
SOLUTION

In this section we investigate the fate of the metallic
solution. While we cannot settle the domain of stabil-
ity of the metallic solution at zero temperature with the
present approach, it is quite clear that the metal and the
insulator are very close in energy and therefore the in-
vestigation of the metallic phase is of interest in the light
of the considerably large mass renormalizations observed
in some transition-metal oxides.

The destruction of the metallic state is driven by the
collapse of the Fermi energy scale A which we showed
is proportional to U,z — U. From the mean-field equa-
tion Gy ! — jw, — t2G, we realize that this scale is also
the bandwidth of the conduction-electron bath which hy-
bridizes with the local impurity in the Anderson model
picture. It is easy to understand, then, that for suffi-
ciently large U this scale vanishes. Imagine solving the
system of Eqgs. (1), (2), and (3) by iteration. Consider
a conduction-electron bandwidth A™ (W™ in the nota-
tion of Ref. 12) at the nth iteration step. For large
U, solving the Kondo problem produces a bandwidth
A™tl = ¢=U/t A" Therefore, the effective energy scale
iterates to zero for n — oo.

Close to U,z, there is a clear separation of energy scales
and the local Green’s function can be written as a sum
of a low-energy and a high-energy part: G; and Gp.
The high-energy part resembles the solution of an atomic
problem while the low-energy part obeys a scaling form.

In terms of a spectral representation:

Gr= [ 2ge (16)
Gh = [, 22l e, (17)

with pi(e) = }f(%) exhibiting a scaling form as A
U.2—U goes to zero. pp(€) describes the high-energy non-
scaling parts (Hubbard bands) centered around +U/2. A
somewhat oversimplified but transparent picture of the
spectral function is obtained by taking pn to be two semi-
circles with overall weight 1 — A/D, t = D/2. The cal-
culation of the scaling function f is an open problem, in
the exact solution of the large-d Hubbard model. Here we
determine it within the second-order perturbation theory
scheme outlined in Sec. II.
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Approaching the transition, Go develops a pole at a
scale VAt > A. The pole can be determined exactly
from the relation Gy 1 = 4w — t2G. In the frequency
range of A <€ w < U/2, the Green’s function can be
simplified to

G = —2—/ p,(e)de——Zw/
w Jo 0

where particle-hole symmetry p(—e) = p(¢€) has been used
to change the integration limit. In the energy region we
are considering, the imaginary part is negligibly small
and we will ignore it in the following calculations.

2AF
Gyl =(1+2tC)w - 2t — (19)

ph( )

de + imp(w),

(18)

where F = %fom f(z)dz and C = f0°° ﬂ';—ge—)de. The pole

results at wo = \/—(—1—;"_—‘;?;5)1/2

Notice that the existence of this pole follows from the
general scaling argument. Now, combining this with the
second-order expression for the self-energy, one can make
further progress and determine the value of U, analyti-
cally.

The self-energy is ¥ = —U2G3(7), which can be con-
veniently expressed in terms of the density of states of

the Go,

e [

where po(w) = —1ImGo(w). As A — 0, po develops a
é-like peak positioned at wp with a weight of 2—(1_'_—;?,?)
Therefore, the integrals can be performed in closed form,

po( 61 po(€2)po(e3)derdesdes
(€1 + €2 + €3)% — w?

(20)

oo Uw (21
= A1 4 2820)3 (9we? —w?)’ )

as A — 0.
Comparing this expression thh the one given by its
definition, & = Gy —G~' = — B¢, where only the most

singular term at small w is kept, at U = U, (i.e., A = 0),
we have

U.; = 3D(1 + D?/U%), (22)
where D 2t, and the approximations F' =~ ﬁ and
C = 5 that follow from the parametrization discussed

before are used. The value at which the metallic solution
disappears is then U.; = 3.28D which is very close to
the numerically determined value U3™ = 3.37D. From
Eq. (21) it is clear that the scalmg part of ¥ is pro-
portional to ¥ and that the scaling function f in this
approximation is a semicircle. Figures 12(a) and 12(b)
contain the numerical solution for the density of states p;
and its scaling form f, as obtained from the second-order
perturbation theory supplemented by the self-consistent
condition near U.;. They demonstrate that the region
where scaling holds is actually quite large.
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In principle, Eq. (20) can be expanded to next order
in A, but the coefficient depends on the scaling function
and the high-energy part of the Green’s function and
cannot be calculated analytically. However, it can be
determined numerically that, close to the critical point,
A = k(U2 — U) with k = 0.23. Recalling the definition
of A = 2D and that m;' = 27! this last result implies
that within this approximation we find the same critical
behavior for the divergence of the renormalized mass as
in the work of Brinkman and Rice.? Notice that within
second-order perturbation theory %Z,:— is not divergent
as one would expect on general grounds. This is due
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FIG. 12. (a) Low-frequency part of the density of states
p(w) as function of the frequency for values of the interaction
U = 3,3.1,3.2,3.3. (b) The four curves of (a) collapse to one
universal form after rescaling: f(¥) = tpi(w), where A o
U.-U.
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to the fact that in this approach the vertex U is not
renormalized.

V. THE BREAKDOWN OF THE INSULATING
SOLUTION

In this section we study how the insulating solution
disappears as we reduce the value of U. Our calcula-
tions determined that there indeed exists a new boundary
Uci(T) < Uea(T), Uer (T = 0) = 2.6D associated with the
breakdown of the insulating solution.??

To understand the destruction of the insulating state,
we again proceed to parametrize the Green’s function.

Go(1) = alf(7) — 1/2] + Gi<(7), (23)

the first term with 6(7) being the step function, repre-
sents an insulating solution at the atomic limit (t=0).
Girc is the “incoherent part” of the insulating solution,
which decays to zero as 7 — oo at zero temperature.
Physically, this decomposition is motivated by view-
ing the self-consistent equations as describing a Kondo
spin in an insulator. The spin operator S has a low-
energy part which is responsible for a Curie type of local
spin susceptibility and a high-frequency part. We write
S = \/aSjow + Shigh, Where a is a quantity similar to the
quasiparticle weight, describing the weight of a pure free
spin in an interacting system, the impurity plus the insu-
lating host. In frequency space, Gi* is only responsible
for the details of the shape of the Hubbard bands which
are high-frequency features. The step-function part gives
rise to a divergency in Go(iw,) ~ 1/iw, and is solely re-
sponsible for the existence of a gap. In the atomic limit,
a approaches unity, while on the contrary, the vanishing
of a signals the complete screening (or Kondo quenching)
of the spin and the destruction of the insulating phase.
Using the parametrized form of Gy, we can relate a to
the density of states p(e) of the local Green’s function.
At half filling, because of the particle-hole symmetry,

e d
G = 2iw, T 3 ple)de . (24)
o (twy)? —e2
Therefore, using (3) and comparing linear terms in iw,
e d
al=1+ 2t2/ %}f. (25)
0

If the Mott-Hubbard gap collapses, i.e., p(€) becomes fi-
nite at € — 0, a~! diverges. Alternatively, a finite «
at the transition indicates a finite Mott-Hubbard gap.
Within the second-order perturbation scheme, we can ob-
tain a closed equation for . Inserting the parametrized
Gy into the self-energy expression we obtain

S(r) = a® (52]-) 0(7) = 1/2] + Sine, (26)

which determines the low-frequency behavior of the local
Green’s function:
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G = 2 plots of the imaginary-time spin-spin correlation function
{iwn + £(Go) + isgn(wn)y/D? + [wn + iX(Go)]?} which exhibit a divergence in x} = ff(mz(v')m, (0))dr,

27) shown in Fig. 13.

Considering the most singular terms in the self-
consistency condition in Egs. (2) and (3), for small w
we have

D2

Go_l = iwn + E, (28)

and therefore,

D> \7!
a = (1 + W) . (29)

There are two solutions for a* for U > U,;. The one with
a smaller a* is always unstable and unphysical since it
is not connected continuously to o = 1 as U tends to
infinity. At the transition U, the unstable fixed point
collides with the stable one, and the fixed-point solution
disappears. U.; = 3v/3/2D ~ 2.6D which is the same
as the result numerically obtained. Since « is finite at
the transition, the Mott-Hubbard gap is finite. Across
the critical line U, (T') there is a first-order jump in the
dielectric constant. There are, however, soft fluctuations
associated with fluctuations in @ . An important issue
left open is whether o diverges as U — U, in the full
solution. As was previously noted in Sec. II, we observed
using QMC that in the exact finite-temperature solution
the U,y vs T line is shifted to lower values of U, indicating
a further reduction of the minimum gap. We are not
able to determine whether the gap collapses to zero as
in Hubbard’s original scheme (o oc U — U, ), or whether
it remines finite until it disappears, as described by the
second-order perturbation scheme.

VI. SUSCEPTIBILITIES AND THE
MOTT-HUBBARD TRANSITION

In what follows we are going to present a combina-
tion of theoretical arguments and numerical results, in
order to discuss the behavior of the susceptibilities in
the vicinity of the transition. Unfortunately, we cannot
take further advantage of the perturbative approach. The
vanishing of higher-order corrections in the self-energy
in the atomic limit does not necessarily imply that this
will be true also for the calculation of other quantities.
Therefore, all the numerical results in this section were
obtained with the QMC method. Although the present
computational power does not allow a detailed quantita-
tive analysis of higher correlation functions at very low
temperatures, our results are sufficient to give support to
the theoretical discussion.

Much theoretical insight about the behavior of the spin
and charge susceptibilities can be gained from the fact
that the impurity model describing the Hubbard model
is an Anderson impurity model.

In a previous work we have already discussed the fact
that, when the Mott point is approached, magnetic or-
der of the local spin sets in.!3 This is observed from the

In principle x} can be determined in NMR experi-
ments. However, it is the ¢ = 0 susceptibility that is
easily accessible to experimental probes. The ¢ = 0 quan-
tities differ from the local ones because of the polariza-
tion of the Weiss field due to the external perturbation.
We will illustrate how this effect, which is at the heart
of Fermi liquid theory, modifies the low-energy responses
near U,,.

In the presence of a small chemical potential away from
the particle-hole symmetric value and a small magnetic
field, the mean-field equations are

Gyl =iwn + p+ oh — t2G,. (30)

To proceed, we extend the simplified form of the
parametrization discussed in Sec. IV to account for the
magnetic properties. The high-frequency part of the
Green’s function is polarized like a local moment which
can be described as a superposition of Hartree-Fock so-
lutions. It has been demonstrated that as U ~ U, the
upper and lower Hubbard bands are well developed, so
that for low frequencies and fields, a good approximation
for G, is

G. - Tg + N_g + 2 A
7 liwn— Y] (iwa+Y) " Diwn+ Asgown)’
(31)
Inserting (31) in (30), we have for small frequencies,
t’m,
Gol =iwn, +p+ho+2 ke (32)
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FIG. 13. Moment-moment correlation function as a func-

tion of imaginary time at 8 = 32. (See Ref. 28.)
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where n, = n+ %z. Equation (32) describes an impurity
problem in the presence of an external field h.g = h —
Z%ma. We can compute the magnetization from the
theory of the Anderson impurity model in an effective
field heg. We know that m = xoheg with xo ~ ﬁ,
where Ty, is the effective Kondo energy of the problem,
which in our case corresponds to A, and « is a numerical
coefficient of order unity. Solving for m we find

dm 1 1
s — _— = = 33
X [dh]hzo [Xo_1+2£(;] alA + Jy ( )

where we have defined the magnetic exchange energy
t? D2

The physical interpretation of this equation is trans-
parent: the exchange arises from high-energy processes
which are largely unaffected by the Mott transition. As a
result the susceptibility varies continuously, as U passes
through U.. Remarkably, Eq. (33) was also obtained
in the large-N limit.2® These findings are consistent with
the QMC results of Fig. 14. For smaller U, an initial fast
increase in ), is observed as A rapidly decreases. As the
critical value of U is approached we see the divergency
being cut off by the finite magnetic exchange Jp.

Similar considerations apply to the charge suscepti-
bility. Applying a chemical potential does not cause a
change (to order dn) in the distribution of integrated
spectral weight between the upper and lower Hubbard
bands. This can be readily understood by extending the
observation of Ref. 12 that the high-energy features are
correctly reproduced by an expansion around the atomic
limit. In this limit a small particle-hole asymmetry shifts
the energies of the atomic levels but does not transfer
spectral weight. The change in the low-energy part of
the Green’s function is easily estimated using Fermi lig-
uid theorems. The change in G(0) as a result of a change
in chemical potential is given by the phase shift, which

1.00
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FIG. 14. Local magnetization m_. as function of an exter-
nal magnetic field, for different values of the interaction U.
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in turn is given by the shift of the location of the center
of the resonance. Its width does not change to order A
because of particle-hole symmetry. Assuming that at low
frequencies the result of applying u is to shift the center
of the resonance by ¢y:

A
(twr + €5 + 1Asgnwy,)

Gliwn) ~ (34)

with dn ~ 1—:—%. We find 0G(0) = %" and, therefore,
from Eq. (30), the effective chemical potential seen in

the impurity model is Speg = dp — %51&. The response
of the impurity to this shift in the chemical potential is
0N = XimpO e, With Ximp % the charge susceptibility
of the impurity. Combining these equations we obtain:

(1]
6n = XC ™~ A’ (35)

()

that is, the charge susceptibility vanishes as (U, — U)
as we approach the Mott transition. These results are
also consistent with the numerical simulations. Figure
15 shows the slope of the u vs n curves going to zero as
U approaches U.. On the other hand, the moment ((n —
ny)?), a quantity closely related to the double occupancy,
does not saturate as the transition is crossed, as can be
seen in Fig. 16. This is consistent with the local charge
susceptibility being finite. In fact, the impurity charge
compressibility equals minus the kinetic energy by virtue
of the mean-field equations.

We argued before that the local spin susceptibility di-
verges at the Mott transition as —k while the ¢ = 0 spin
susceptibility stays finite at the transition. This and an
independent estimate of the exchange constant Jy can be
obtained by approaching the transition from the insulat-
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FIG. 15. Difference in the occupation number én from the

half-filled case as a function of the chemical potential ép =
p — U/2, for different values of the interaction U.
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FIG. 16. Local magnetic-moment formation (m?) as a
function of interaction U for inverse temperature 8 = 32.
The double occupancy (D) can be simply obtained from
(m2) =1 — 2(D). (See Ref. 28.)

ing side and by analyzing the fully frustrated model.
For large U, the fully frustrated model in Eq. (4) re-
duces at half filling to

H; = Z Ji; Si - S;, (36)

ij

where J;; are independent random variables with an ex-
ponential distribution P{J} = %Zexp — (JN/Jp), with
f(z) =1for z >0 and f(z) =0 for z < 0.

An important observation is that J;; = # while the
variance J% —JZ = £ so the randomness is irrelevant in
the thermodynamical limit. The solution of Hamiltonian
(36) with J;; = # is elementary.

We exhibit the solution to confirm and interpret the
finite susceptibility in the insulating phase. The eigen-
states of Eq. (36) are labeled by the total spin ¢, =
99[S(S + 1)]. For simplicity we will take N to be even,
N = 2N,. For a given value of the spin the degeneracy of
a state with a given value of total spin S and projection
Sz is: dg = (?VQO—S) - (fvlz‘j_s_l). The partition function
in the presence of a uniform field reduces to:

N . 1
Z= i dse“’%v‘%s‘s“)———smh[,ﬁh(z; 2], (37)
= sinh(5)

In the thermodynamical limit Ny — oo it is convenient
to introduce the variable £ = S/Ng and Eq. (37) reduces
to

1
Z= NO{ / dpeNoa(@) o~ 22eko?
0

ehBNoz _ o—hBNoz o 1 )

X + — 38
2sinh(22g) (NO)} (

with g(z) = Ingggja—; + 2In[{F2] being the density

of states. This system is peculiar in that the number

of states decreases as the energy (or the spin) increases.

g(z) = 2In2 — z? as £ — 0, and therefore it has negative
temperature. Equation (38) is easily evaluated when Ny
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is large, and we obtain the free energy per particle

Fhp) _ kB 1
N — (8+28Jy) B

and the susceptibility

In2, (39)

ooy 1
X@=0= "5 = @+ ) (40)

which displays the Curie law for T >> J, but saturates at
the magnetic energy Jy at low temperatures, in complete
agreement with the discussion of the paramagnetic phase.
From the free energy we can extract the entropy and the
energy —F = 8}9“32 and S = i,;,—F Notice that when
h =0,FE =0 and S = 2Ngln2. This is the result of
the large degeneracy of the singlet sector. In fact the
number of states per particle in the singlet sector can be
estimated directly from Eq. (39).

The prediction that x® remains finite as U — U, is
physically sensible and probably persists in finite dimen-
sions. It reflects the fact that the magnetic energy is finite
when d — oo. The same is true in the limit of large N of
the model studied in Ref. 24 in any dimension, provided
we identify the Mott transition with the metal-charge-
transfer-insulator transition. This physics is missed by
the Gutzwiller approximation, which ignores the high-
energy processes and thus the magnetic exchange com-
pletely. The divergence of v (cf. Sec. III) as U — U,
is consistent with the fact that the entropy is In2 in the

insulator. In the metallic phases S(T) = foT C"qgﬂ)dT’.

Since this quantity vanishes as T — 0 in the insulating
phase QATE diverges at the transition. This is the re-
sult of a large spin ground-state degeneracy. It is rooted
in the fact that since J;; ~ % one needs long-range or-
der to gain finite magnetic energy. This is clearly un-
realistic and will not persist in any finite dimension. In
fact, in the large-V limit in finite dimensions the specific
heat remains finite when the metal-insulator transition
drives the system into a resonating-valence-bond state.2®
It would be interesting to construct a loop expansion
around the d = oo solution to remedy this problem.

We also demonstrated that for U < Uy, the one-
particle Green’s function of the model captures some as-
pects of the Brinkman-Rice scenario. In particular, the
mass renormalization diverges as (Uz; — U)~1.13 At the
same time the solution of the Hubbard model in infi-
nite dimension also allowed us to perform calculations of
physical quantities at finite temperatures and eliminate
some of the shortcomings of the Brinkman-Rice descrip-
tion of the Mott transition. In the actual solution, the
number of doubly occupied sites is finite and changes
smoothly at the metal-insulator transition!®!3 resulting
in a finite exchange constant which gives rise to a finite
susceptibility. We also observed that the single-particle
gap opens discontinuously at U, which is different from
the predictions of the slave-boson method,2® but is not
inconsistent with the experimental observations of Fuji-
mori et al.2®
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VII. COMPARISON WITH EXPERIMENTS

A theory of the Mott transition would be incomplete
without a comparison to some of the existing experiments
on the subject. Our goal here is to assess to what extent
the Hubbard model in the limit of large dimensions cap-
ture the main trends of transition-metal oxides near the
Mott transition, rather than to obtain the best possible
fit to the experimental data.

We first focus on the beautiful set of experiments
by the group of Tokura et al., where the system
La;_,Sr,TiO3 is studied as a function of doping z.!°
They measured the specific heat coefficient v as a func-
tion of z. Since the photoemission study shows that the
z = 0 point is close to the Mott transition,2® we picked
U = 3.2D and performed quantum Monte Carlo simu-
lation to calculate « vs doping. The results are shown
in Fig. 17, together with the experimental data. The
agreement is quite good.

We finally turn to the VO3 system. This system was
studied extensively before, and has been studied again
most recently by Carter et al.'® We have compared the
experimental phase diagram with the one obtained for
the two-sublattice fully frustrated model. On a qualita-
tive level we find that the overall agreement is remark-
ably good, especially regarding the features of the three
phase boundaries, antiferromagnetic insulator to param-
agnetic metal, paramagnetic metal to paramagnetic in-
sulator, paramagnetic insulator to antiferromagnetic in-
sulator, and the crossover regime. Interestingly, we also
found a small region of a metallic antiferromagnetic state
similar to the experimental observation of Ref. 18. Un-
fortunately, it occurs at a very low temperature and the
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FIG. 17. Comparison to experimental observation of the
linear coefficient of the specific heat v as a function of doping
for an inverse temperature of 3 = 32. Experimental results
from Ref. 19. Quantities normalized to the full (or zero)
filling value.
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determination of the phase boundary is outside the appli-
cability of the QMC method. Nevertheless the existence
of this phase can be seen by a simple Hartree-Fock cal-
culation in the frustrated case.

It is also notable that the temperature scales are con-
sistent if an energy of D = 1 eV is considered. The
comparison on the abscissa is less transparent. In this
case, we have identified increasing pressure as increasing
hopping constant ¢t or decreasing interaction U.

VIII. CONCLUSION

The solution of the Hubbard model in the limit of large
dimensions has provided a limit where various early ideas
can be put in perspective.

One issue is whether a metal-insulator transition can
take place in the absence of magnetic order. The phase
diagram presented in Figs. 10 and 11 answers this ques-
tion in the affirmative for a frustrated lattice. The phase
diagram has the same topology and even the same scale
as the experimentally observed phase diagram of V,03.

There is a region enclosed by two lines U, (T) and
Uc2(T), where both the metallic and the insulating solu-
tions are allowed. Within this region, there is a first-order
boundary where the two very different solutions cross in
free energy, and several quantities experience a jump: the
specific heat, the susceptibility, the number of doubly oc-
cupied sites, etc. The first-order line has a negative slope,
indicating that the paramagnetic insulating phase has a
higher entropy than the metallic phase. The line ends
in an interesting second-order critical point, above which
there is a smooth crossover between a metallic and an
insulating regime. In the frustrated lattice, in addition,
at low temperatures there is a first-order line between an
antiferromagnetic metal and an antiferromagnetic insu-
lating phase. We therefore conclude that the Hubbard
model in large dimensions at half filling on a frustrated
lattice can account for the basic experimentally observed
features of the V5,03 system, vindicating Mott’s point of
view.

On nonfrustrated, bipartite lattices, however, we find
that the Néel temperature is much higher than the metal-
insulator transition temperature, making the transition
between small and large U continuous. In this case the
physics can be understood in terms of the magnetic long-
range order and a smooth crossover within the broken-
symmetry phase. The Mott transition is irrelevant, vin-
dicating Slater’s point of view.

Within the second-order perturbation scheme we es-
tablish that there is a metallic solution with a collapsing
energy scale at Uz, realizing the Brinkman-Rice scenario.
We were unable to prove that this solution is stable down
to U,z because the energy differences between the metal-
lic and insulating solutions are very small. However, as-
suming the stability of the solution we were able to cal-
culate the critical behavior of various physical quantities
and make contact with the recent experiments of Ref.
19. We conclude that the Hubbard model in large dimen-
sions, therefore, supports the Brinkman-Rice scenario for
the destruction of the metal and eliminates many of its
shortcomings.
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A natural scenario for the destruction of the insulating
solution would be a continuous narrowing of the gap of
the insulator. This would have been a realization of the
original Hubbard scenario for the metal-insulator transi-
tion driven by the closing of the upper and lower Hubbard
bands. In this case, U.; would have corresponded to the
value of the interaction where the gap in the one-particle
spectra vanishes, or equivalently where the divergence of
the dielectric constant is observed. This does not occur,
at least within the second-order approximation to the
impurity self-energy.

The experimentally observed phase diagrams of
transition-metal oxides display incommensurate metallic
magnetism. This can in principle be studied by extend-
ing the mean-field theory to account for incommensu-
rate phases, as done by Freericks for the Falicov-Kimball
model.?? For this calculation to be meaningful, however,
one should include the details of a realistic band struc-
ture of the transition-metal oxide, which is beyond the
scope of our work.

An important open question is what happens to the
transition at finite dimensions? We expect that the Mott
transition and the metal-charge-transfer-insulator tran-
sition are in the same universality class. The large-N
expansion results of Ref. 24 indicate that, for N = 2,
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U,: and U, coincide and that the Mott transition is sec-
ond order with continuous disappearance of the Kondo
resonance and a gradual closing of the Mott gap. Simi-
lar results were obtained with the slave-boson approach
to the Hubbard model. Whether the large-N expansion
is missing crucial 1/N terms which would split the two
transitions, or whether the 1/d corrections would bring
the two transitions to one, remains an interesting open
problem.

Note added in proof. Recently, two zero-
temperature algorithms based on exact diagonalization
were developed.?®3 We have confirmed that U, is
strictly less than U.; and shown that the MIT at T =0
takes place at U,y.3!
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FIG. 10. Phase diagram of the fully frustrated Hubbard
model at half filling. It is possible to move continuously from
one phase to the other since at high T the transition becomes
a crossover. The solid line is obtained by comparing the free
energies of the two solutions in the region where they are
both allowed. The dashed lines indicate the region where the
metallic and the insulating solutions coexist. The filled square
indicates the end of the first-order line in a second-order point.



