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Phase separation in the combined Falicov-Kimball and static Holstein model
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The Falicov-Kimball model has been known to phase separate when the correlation strength is large and the
temperature is low. We examine the stability of phase separation under the influence of an additional electron-
phonon interaction that tries to force the electron density to be homogeneous. We find that the electron-phonon
interaction eventually destroys the phase-separated state once it becomes larger than some critical value. The
results of this work may have an influence on theories of colossal magentoresistance materials.
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The phenomenon of strong electron correlations drivingcould be made. Since the term that is subtracted depends on
phase separation has been long conjectured in the Falicothe localized electron concentration it is not just a constant
Kimball modef and in the Hubbard mod@lLittle progress  that can be included or removed; it has a nontrivial effect on
has been made on rigorously establishing phase separationtime value of the Helmholz free energy, and thereby on the
the Hubbard model, but it has been proved to exist in thg@hase separation. For concreteness we solve our system of
Falicov-Kimball model in one dimensioh,in infinite  equations on an infinite-coordination Bethe lattice, which has
dimensiong, and in all other dimensior¥’ In spite of these a semicircular electronic density of states
rigorous results, there has still been only limited calculations
of phase diagrams and the transition temperature as a func-
tion of the parameters in the model. Essentially all finite-
temperature calculations have been performed in the infinite-
dimensional limit"’~° Here we continue with this tradition, ~ The system is solved by employing dynamical mean-field
and illustrate how competinginite) interactions can destroy theory. The procedure simply combines the strategy used for
the phase-separated state, even if the Falicov-Kimball intethe Falicov-Kimball modéf with that used for the static
action strength is infinitely large. Holstein model*'®> We summarize the procedure here to

The system we choose to study is the harmonic version oftandardize our notation. Our interest is in the-o limit.
the spinless Falicov-Kimball—static-Holstein mod2t! The  In that case, the itinerant electrons and the localized electrons
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Hamiltonian is are not allowed to sit at the same lattice site. The dynamical
mean-field theory is straightforward to evaluate. The parti-
t* tion function becomes
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Wherec;r () is the creati?r(annihilatior) operator for an —o n lwn
itinerant electron at sitg f; (f;) is the creation(annihila- P 12
tion) operator for a localized electron at sitet*/2\/d is the X exp[ = Bl (9x= p)pet B pt 21X, )
hopping integral between nearest-neighbor digesh pairis  with 8= 1/T the inverse temperatur§q(iw,)=1/(iw,+ u
summed over twice for Hermiticijy E; is the local —\,) the effective mediumjw,=i7T(2n+1) the fermi-
f-electron site energy) is the Falicov-Kimball interaction, onic Matsubara frequency, andi w,)=X\, the dynamical

X; is the static phonon coordinate, is the spring constant mean field. Once the partition function is determiriedthe
(chosen to be 1 hereandg is the electron-phonon interac- limit U—o), then one can calculate the single-particle elec-
tion. The symbolp. denotes the average itinerant-electrontronic Green’s function via

concentrationc'c). We examine the system in the infinite-

dimensional limit* and taket* as our energy unit. A com- .

mon chemical potentials is used to fix the total electron Giwy)=Gp= J_m m
concentration(itinerant plus localized Note that we have o (len)—0
chosen the phonons to interact with the local charge fluctuawith wy(x) the phonon distribution functiotwhen no local-
tion, which is a common choice, but not the only one thatized electron occupies the lattice $jtevhich satisfies

= Wo(X)
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51(iwn)—gx It is well known that if bothp, andp; lie between 0 and

1, then the ground state is phase separafte key point in

this work is that we fixE;. If the chemical potential lies
xexp{— B[ — (gx— w)pet+ sxx?]}/z;  (5)  belowE; then the ground state contains only itinerant elec-
trons and is not phase separated. As the chemical potential is

WO(X) = 26—(ﬁ/2)(gX—M)H G
n

o,

the integral ofwy(x) satisfies a sum rule increased, we reach a critical value pfwhere the average
. localized electron filling becomes nonzero, and the system
1—ps= f dXWo(X). (6)  goes into a phase—sepa_lrate_d_ state. It i_s straightfo_rward to de-

—» termine the value of this critical chemical potential whgn

=0. The interacting density of states is just the semicircle

[The sum rule is not one, because we have taken the Iimié . . .
U—oe. If U is finite, we would have a second phonon dis- escribed in Eq(2) when there are no localized electrons
: ' and it becomes

tribution function w4(x) to consider when calculating the

Green'’s function, which enters when the site is occupied by a 1

localized electron. In th&) =< limit, we can always rewrite Pint(€)= 2—\/4(1—pf)— €, (10
Wo(X) =P(x) —w4(X) where the integral oP(x) is 1 and m

can be interpreted as ttk= phonon distribution function, when there ar@; interacting electrons. So we must compare
andw,(x) integrates to the localized electron concentrationthe energy with no localized electron€E = —(4
But in this work, we never distinguish these objects, so there- 12)*%/6x to the mixture of states with all localized par-
is no need to elaborate further on thé¢mo complete the ticles and no itinerant particlégvith weightp;) and the state
loop for the self-consistent solution of the problem, we needwith no localized particles but with an electron filling pf

to note that Dyson’s equation is =prot— (1= pror) ps (With weight 1—ps) in the limit where
Ly . p; approaches zero. Note that one must adjust the chemical
Gy (iwn) =G, "+, (7)  potentialu* of the mixed state, to have the correct electron
and density. After performing some straightforward algebra, we

find a transcendental equation for the critical value of the
chemical potential,

2
G,= f dep(€)— =, 8
"o ol )”Un"'ﬂ_zn_f (4—pu?)%? 1 1 _p n
with X (iw,) =2, the itinerant-electron self-energy. This ™ ™ w
provides a closed set of equations that is needed to solve the 1D
many-body problem. As E; ranges from-2 to 0, the critical total electron density

The computational algorithm that we follow is the itera- for phase separation ranges from 0 to 1:Egk-0 the system
tive procedure introduced by Jarréfii) we begin with the  does not phase separateTas 0.
self-energy set equal to zer@i,) Eq. (8) is used to determine  \We will examine the case witk;= —0.5 here. Equation
Gy (i) Eq. (7) is used to extract the effective mediu®;  (11) is solved byu=—0.145 andp+ p;=0.454 for the
(iv) Egs.(3), (5), and(4) then determinés,,; and(v) Eq.(7)  |ower boundary where phase separation begins. Hence phase
is employed to extract the new self-energy. Then stéps  separation enters when,,>0.454. To determine the phase
(v) are repeated until convergence is reached. Once the equgeparation, we must perform a Maxwell construction. If we
tions have converged on the imaginary axis, one can take th§iot the electron filling as a function of the chemical poten-
functionwy(x) and the analytic continuation of Eq®), (7),  tial, we will find a multivalued function in the region of
and(4) to determine the Green’s function on the real axis aphase separation. One way to perform the Maxwell construc-
well. tion is by drawing a line that has equal areas above and

In order to study phase separation, we also need to calcyyelow, with the points of intersection corresponding to the
late the free energy. This is accomplished by following thedensities of the phases that compose the mixture of the
procedure of Brandt and Miels¢iiThe Helmholz free energy  phase-separated stdthe other way is to construct the con-

satisfies vex hull of the free-energy curve; both methods yield the
same resulys The double-valued function and the Maxwell
F=—TlIn Z+E InG, _constru_ct_ion are plotted fag=1.2 andT=0.04 in _Fig. 1 _It
n is nontrivial to generate such a curve. The technical difficulty

) 1 arise_s from the fact that _for a fixed value Bf, there are
_2 f dep(e)ln- —(E;— p)ps . _mL_JIt|pIe solutions ofp; which have the samgyq; when_ one
n o J-2 logtu—2,—¢€ is in the phase separated region. Hence, we sometimes need
) to either adjusps and calculatée; once the equations have
converged, or employ a two-dimensional root finder for
It is important to include a sufficient number of Matsubaraand p; to get the equations to converge. Even so, we find
frequencies in the summation to achieve convergence of theegions of parameter space where we are unable to stabilize
summation; indeed this ultimately limits the accuracy of ourthe algorithm. Note that there is an alternate way to avoid the
results. double valuedness, which involves artificially shifting the
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FIG. 1. The chemical potential is plotted versus the total elec- FIG. 2. The first-order phase transition as a function of the total
tron filling wheng=1.2, E;= — 0.5, andT=0.04. Note the double- €lectron filling (the solid lines show the results of the Maxwell
valued chemical potential indicating phase separation. The Maxwefgonstruction. We examine four caseg=0, g=0.6, g=0.8, and
construction is also shown in the figure by the dashed line. The toté = 1.0. The dashed line is the spinodal decomposition temperature
area of the solid curve above and below the dashed line is equal tdound by calculating the divergence of thke-0 charge suscepti-
zero. The dotted lines indicate the total electron densities of thdility) for theg=0 case.
states that form the mixture.

sity that must be reached before phase separation occurs.

chemical potential by-Vp, (for some large positive con- Simi]arly, wheng#0, we find that such a critical deqsity
stantV) to restore single valuedness. We do not employ thafPntinues to hold for smaly. This occurs because, dsis
technique here. lowered, the functionwy(x) becomes sharply peaked st

We examine the transition temperature for different=0, eventually becoming a delta function Bt=0. Hence,
electron-phonon coupling strengths in Fig. 2. The phasetn® System remains a Fermi gas in this regime of parameter
separated region hardly changes at zero temperature as tPRaCe. Ag is increased to a critical valugyo(x) develops a
electron-phonon coupling increases, but the transition teml@cal minimum atx=0 and two maxima, one at<0 and
peratures are sharply reduced. We run into numerical prot2ne atx>0. At this point, the ground state becomes a non-
lems with the stability of our iterative solutions whenis ~ Fermi liquid, and we believe that the non-Fermi-liquid char-
increased to 1.2 and above. We are unable to find any straCter suppresses the phase separation, ultimately eliminating
egy to solve for the phase separation at low temperature iff- T0 be more quantitative, we compute
this region of parameter space. We expect, however, that the

phase separation continues to be suppressed, and conjecturel_d In wo(X) _ L) x— TZ
that there is a critical value of the electron-phonon coupling dx 9pe2 g n Gy liwn)—gx
where the phase separation disappears, but we cannot deter- (12)

mine its value with our numerical algorithms. In addition to
the binodal(first-orde) phase-transition temperature, we alsoWhen this derivative vanishes, we have an extremum of the
include the spinodal decomposition temperattelow Phonon distribution function. Whep;=0, this equation al-
which the system cannot be supercoolfmt theg=0 case. Ways has a solution at=0 because the sum over Matsubara
This is found by determining where ttke=0 charge suscep- frequencies equalp.—1/2. If g is increased, we reach a
tibility diverges. Of course the binodal and spinodal temperaPoint where the second derivative becomes positive, and the
tures must agree at the peak of the curve. x=0 solution becomes a local minimum instead of a maxi-
The disappearance of the phase Separation occurs whépum. At this point two nonzerx solutions exist, and the
the electron-phonon interaction energy becomes similar i§ystem becomes a non-Fermi liquid. The second derivative
magnitude to the kinetic-energy gain of the phase-separate@t x=0) is
state. This occurs at a finite value gfbecause the kinetic- &2
energy gain is finite, and does not divergelhs: . n Wo(x=0) 5.
To understand this phenomenon further, we examine in P _K_ng; Goliwn), (13
detail the system in the low-temperature limit. We already
saw that wherg=0 there is a minimum total electron den- which becomes
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phase separation. One of the consequences of this work is

d?| =0
TM S K_ng” dep(€)ReG(€) that one needs to carefully investigate the implications of all
-2

dx? three of these physical effects, and how they interrelate, to
4 ,2)302 construct a meaningful theory for the manganites.

_ _K+gz( ©) (14) In conclusion, we have analyzed the suppression of the

127 phase-separation transition in a combined Falicov-Kimball—

static-Holstein model. We see that increasing the electron-
phonon coupling forces the system to be more homogeneous
; . ; . and suppresses the phase separation. We conjecture that a
It is useful to discuss the impact of this work on rnOdeISfinite value ofg will be sufficient to remove phase separation

fpr the colossal magnetoreas_tar(@l\/lR) manganite mate- entirely, but are unable to access that region of the phase
rials. There are a number of different elements that appear t

. ) o . 8iagram due to numerical difficulties. Our results could have
be important in describing the CMR materials. All models _ = . .

: . an impact on CMR materials that have both disorder and
start with double exchandé,but then need something else | h ; . A h ion induced
to enhance the metal-insulator transition. Three main ide glectron-phonon interactions. Any phase separation induce
. : aﬁy the disorder may be suppressed by the electron-phonon
have emerged to do this: a strong electron-phono%ou lin
interaction:*1>1% strong disorder scatterirtd; %2 and prox- ping.
imity to phase separatioi.The results of this investigation B.M.L. acknowledges support from the Project for Sup-
indicate that the three elements are not fully independenporting of Scientific Schools, Grant No. N 00-15-96544.
Indeed, strong disorder scattering can lead to phase sepathK.F. acknowledges support from the National Science

tion, and strong electron-phonon scattering can suppress thl@undation under Grant No. DMR-9973225.

in the low-temperature limit. Fop=—0.145 the critical
value ofg to enter the non-Fermi-liquid state is 2.18.
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