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Abstract

An analytical approach has been developed for the electron—phonon coupling
in the Holstein—Hubbard model. The Hubbard U is treated approximately by
the slave-boson approach. We show that our approach is flexible and physically
clear because it is based on perturbation theory. When the dimensionless ratio
w,/2Dt is small, w,/2Dt < 1, our result is similar to that of the Migdal—-
Eliashberg theory. When w,/2Dt > 1, our result approaches that of the
Lang—Firsov transformation and small polaron theory. We have calculated the
effective mass of electrons at the Fermi surface to show that the new perturbation
approach works well in the intermediate region where w, /2Dt ~ 1.

PACS numbers: 71.38.+1, 64.60.Cn, 71.30.+h, 71.45.Lr

1. Introduction

Recently the polaronic behaviour of charge carriers in electron—phonon interacting systems
with strong electron correlation has received considerable attention due to important
classes of materials, such as the high-temperature superconductors [1, 2] and the colossal
magnetoresistance manganites [3, 4]. As for the analytical studies of the electron—phonon
interaction, usually the Migdal-Eliashberg (ME) theory [5] and the perturbation expansion are
used for the region of lower phonon frequency w, < Er (near-adiabatic case) where w), is the
phonon frequency and E is the electron Fermi energy, and the small polaron theory with the
strong-coupling expansion [6] is used for the region of lower Fermi energy w, > Er (anti-
adiabatic case) and strong coupling. However, how to treat the region between the two limits
where the phonon energy is of the same order of magnitude as the Fermi energy, w, ~ Er, is
still an open problem.

Among the models for correlated electrons coupled with phonons the Holstein—Hubbard
model has been studied [7-10],
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The notatlon isusual (we puthh = 1 and kg = 1). nj, = cjo Cjo is the number operator and
n=x qug (njo) is the number density of electrons with bare chemical potential 119 (N is
the number of sites). Although there are many studies on the single-electron Holstein model,
the research work on the many-polaron state is not sufficient and satisfied. Very recently, the
many-polaron system was studied by Capone et al [9] using the exact diagonalization of small
clusters, and by Millis and his co-workers [10] using the dynamical mean-field approximation.

In this work we propose a new perturbation approach to the many-electron Holstein—
Hubbard model. We try to take advantage of both the variational and perturbation methods
and the main procedure of the approach is as follows. H in (1) can be divided as H = Hy+ V
where V is the last term and may be treated as the perturbation. We try to find a better way
to divide the Hamiltonian into an unperturbed part and perturbation by means of the unitary
transformation: H = exp(S)H exp(—S) = Ho+ V. The unperturbed part Hy # Hy should
be simple enough to solve exactly and, at the same time, contains the main physics of the
coupling system. V should be small in the meaning that the matrix elements of V between
different eigenstates of Hy are as small as possible.

2. Transformed Hamiltonian

In this paper the Hubbard U is treated approximately by the infinite-U slave-boson approach.
The Holstein—Hubbard Hamiltonian can be approximated as

H = Z(Zek Mo)Cknga +Za)1,b bq+ —= «/— Z gq ,q )chackg +UdN 2)

k,q.0

where d is the probability of double occupancy and z is the renormalization factor of the
Hubbard U on the hopping. We have z = 2(1 — n)/(2 — n) and d = 0 for the infinite-U
slave-boson approach [11]. pgy # wo is the renormalized chemical potential by the Hubbard
U, ex = =2t Z _, cos(k;). Note that the q = 0 phonon is not coupled with the electrons:
gq=gforq#0and go =0.

H is an electron—phonon coupling system and we use the following two unitary
transformations to treat the electron—phonon correlation. The first one is a polaronic
transformation, H' = exp(Sl)H exp(—S;), where

8q | i
S E = — bq)Chs g0 Cko - 3)
/—qu q —q Q) k+q

Here we introduce an electron—phonon correlation function rq which is q-dependent and its
form will be determined later. The transformation can be done to the end and the result is

H' = H)+H|+H,

Hj = Z(nzek - ,uf))cfmcka + Z a)pb];bq +UdN “4)
k,o q

1 g2
n=expy = SR —yy) Vq = —€q/2D1 (5)
q “p
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Terms in H; are second order in g or higher. Up to now, the transformation has been done
exactly and there is no approximation.

After the polaronic transformation, the first-order terms of O(g) still exist in H|. We
apply a further transformation to H' [12]: H"” = exp(S,) H' exp(—S,), where the generator
Sz is

8
S = «/_ IU;T ‘1 bq) [E(k+q,k) — rq]cha Cko 9)
@p

tk+q,k) = - .
®p + 1 (|€xeq — 1| + lex — 1)

(10)

w is the real chemical potential, which may be different from the bare one, and ' = nz.
Here a function £(Kk’, k) is introduced. Note that 0 < &£(K’, k) < 1 measures the intensity
of the electron—phonon scattering process: &(k’, k) ~ 1 if both the energies of the incoming
and outgoing electrons €x.q and €y are close to the chemical potential x, and £(k', k) < 1
otherwise. The width of the region where & (k’, k) ~ 1 is proportional to the phonon frequency
w,. This is to say that only those electrons near the Fermi surface can be scattered by phonons
intensively. The reason of choosing the form of &(k’, k) in equation (10) will become clear
later. The transformation can proceed order by order and till the second order of g,

H" = Z(U/Ek — 1)) Ch Cho + Zw,,bflbq +UdN
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Figure 1. V(k+q,k) forn = 0.6, A = 0.5 and w,/4¢t = 0.01, 0.1 and 0.5, as well as Vpcs
(dashed-dotted) and Vi (dashed).
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All terms of higher order than g2 will be omitted in the following treatment.
The phonon-induced interaction between electrons, the four-fermion term in H”, is

+2n — |+ lex —
Vik+q. k) = g wp 7,7 (l€k+q — ml + lex M|)2. (12)
(wp +1'(|exeq — 1| + € — 1)
It should be compared with the BCS potential [13]
—g%/w €krq — U], lex — 1] < @
VBCS(€k+qa€k) ={ 8 / | k+q /’L| | k /L| 14 (13)
0 l€xtq — I, l€k — ] > wp
and the Lang—Firsov potential for small polarons
Vir(ekeqs €) = =87/, lekeq — 1, lek — 1| < Er. (14)

Figure 1 shows V(k + q, k) forn = 0.6, A = g2/4ta)p = 0.5 and w,/4t = 0.01, 0.1 and 0.5,
as well as Vpcs and Vi g. One can see that for smaller phonon frequency, the induced potential
has a sharp valley around the Fermi level ex = p, similar to the BCS potential which is a

square well. For larger phonon frequency the valley becomes flatter and, finally, approaches
that of the LF potential.

3. Perturbation treatment

The purpose of our transformation is to find a better way to divide the Hamiltonian into the
unperturbed part and the perturbation. Up to the second order of g the unperturbed part Hy
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and the perturbation H{ of H" are
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(...) means an average over the ground state of H;. E, is the ground state energy and the
second-order contribution of the perturbation H,’ to the ground state energy is

B T
AE2=/ d‘l,'l/ dno([H, (r1) H (12)]) | 7=0
0 0
1

n g . .
- 5 (1 = sign(e — p0) sign(ex — )}
szXl;[wpmaek il +la— P E ¢

1 + sign(exp — €x)
wp + p(e) (e — 1) — plex)(€x — 1)

5 1 — sign(eg — €k)
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=0 (20)
because of the functional form of &(k + q, k) (equation (10)). This is nothing but making
the matrix element of H|’ between the ground state and the lowest-lying excited states of Hy
vanishing. Thus the first-order terms (O (g)) which are not exactly cancelled after the two
unitary transformations are related to the higher lying excited states and should be irrelevant
under renormalization [12].

Although the form of £(k + q, k) is already defined from the beginning (equation (10)),
the form of rgq in the first transformation, equation (3), has not been determined. Note that rq
does not appear in E, explicitly and E, depends on rq implicitly via n (equation (5)). Thus,
we can determine the form of ré by minimizing E,:

2 W) €kq — €
r 1 NE [ Cy ck,/ E €k cl Cka 21

— [, + n02(l€keq — 11+ lex — 1D

where 0 < np < 1 is a parameter.

X {[lék' — ]+ ek — pl — (e — )]
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As g?/w), is the polaronic binding energy independent of the ionic mass M, in the adiabatic
limit M — oo (w, = «/K/M — 0, K is the spring constant) we have rq = 0 and n = 1. But
in the anti-adiabatic limit M — 0 (w, — ©00) it is easy to get rq = 1 and Inp = —g*/w?.
Besides, for the strong coupling limit g/w, > 1, we have n < 1 and thus rq — 1 and
Inp - —g? / a)‘% These are consistent with the LF theory [6].

The electron Green function for the transformed Hamiltonian H” can be derived from the
Dyson equation

G(ka ikm) = G(](k, 1km) + G()(k, ikm)E(ka ikm)G(k’ ikm)-
The second-order self-energy of H{" is (T = 0)
) 1 77/2g2
K, k) = — > >
N = [wp +nlek—q — pl + lex — 1]

x {nek_q — ul+ ek — il — (ex—q — ek>1zikm — wpe_(i')‘ E:kq;)ekq m
+llewq = 1+ ek = 1]+ (E-g = @OF 7 wpi(p; (6ki';)‘ék_q — } .
(22)
The renormalized chemical potential i can be determined by
| o=t > sign(ex — ). (23)
NS

Obviously, X (ex = u, ik,) = 0 for T = 0. This is another reason for the choice of functional
form of £(k + q, k).
The quasi-particle energy determined as the pole of the Green function is
Ex — iy = p(ex)(ek — n) + Re[Z (K, p(ex)(ex — )]
=1'(ex — ) + ("1 — pg) + Re[Z (K, p(ex) (e — w))]

1 2
N Z 8 e W2~ £ W) sign(e — 1)
v “r

1 g,
+N;w_%n(fk+q—€k)(§2(k+q, k)_ré), 24)

The bare chemical potential 1, is determined by letting €, = w in equation (24), which leads

to

1 n (e — 1)
ro_ _ - 2
o =mn(1 lnn)M+N;g

(wp +1'lew — ul)?

1 , wp +210|ew — | .
-3 , sign(ew — 4. (25)
N 28 oy e — I

The renormalized factor p(ek) is

1
plad(ec— ) =n'(l —Inn)ex —p) = — ;gz

|:wp+277/(|6k’ — |+ lex — ) wp + 21 |ew —
[

- sign(ew — 1)
wp + 1 (lew — il +lex — uDP? (0, +1'lew — ul)z]

1 ) [ € — €k € — 1 ]
+— gn - .
N ; [w, +0'(Jlew — ]+ lexk — uD?> (@, +10'lew — n])?
(26)
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Figure 2. The effective mass m/m* at Fermi surface in 2D as functions of the electron—phonon
coupling A, n = 0.6 and w, = ¢. For comparison, m/myg (dotted), m/my; (dashed-dotted) and
m/mj (dashed) are also shown.

The renormalization factor at the Fermi energy (ex = w), which is the mass renormalization
factor m/m*, is

1 g2 77/
m/m* = pleg=p)=n'(1 —Inn) — — : 27
N kZ (@p + nlew — ul)?
This should be compared to the well-known mass renormalization factor of the ordinary
perturbation theory (the Rayleigh—Schrodinger (RS) perturbation [14])

1 2
mimg=1- -5 —— 8 (28)

N &= (w, +lew — u))?

as well as to that of the ME theory (the same as that of the Brillouin—Wigner perturbation

[14]),
SRRV P < S S 29
= N 2oy vl i) @

For the adiabatic limit @, — 0, rq — 0 leads to n — 1 and we can get m/m* =
m/myg =1—2 and m/myz = 1/(1+1), where 1’ = 2g2N(ep)/za)p and N (ep)/z is the
DOS at the Fermi level. This result is the same for 1D, 2D and 3D.

For the anti-adiabatic limit w, — oo or for the strong coupling €,/w, > 1, we have
n — exp(—¢€,/wp). Then, we can get the LF result of the effective mass from equation (27):
m/mjfp = exp(—e€,/wp).

For weak to intermediate electron—phonon coupling and finite phonon frequency, in
figure 2 we show our calculation of the effective mass m/m™ at the Fermi surface in 2D as
functions of the electron—phonon coupling A = g?/4tw, (with n = 0.6 and fixed phonon
frequency w, = t). For comparison, we also show m/myg, m/my;z and m/mj . One can see
that for weak coupling our results are nearly the same as those of the RS or ME theory; but
for strong coupling they approach those of the LF theory.
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4. Summary and discussion

An analytical approach has been developed for the many-electron Holstein—-Hubbard model.
Our approach is flexible and physically clear because it is based on the perturbation theory.
When the dimensionless ratio w,/2Dt is small, w, /2Dt < 1, our result is similar to that of
the ME theory. When w, /2Dt > 1, our result approaches that of the LF transformation and
small polaron theory. We have calculated the Green function, the effective mass of electrons at
the Fermi surface, to show that the new perturbation approach works well in the intermediate
region where w, /2Dt ~ 1.

The purpose of our unitary transformations is to find a better way to divide the Hamiltonian
into an unperturbed part and the perturbation. In this work the transformed H” is divided
into two parts: The unperturbed part is Hj and the perturbation H,. We believe that the
unperturbed part Hjj contains the main physics of the coupling system because the effect of
perturbation H|" is eliminated in the lowest order by introducing the function & (k + q, k).

The approach developed in this paper is based on two unitary transformations. The first
transformation is done to the end and after the transformation all terms have been collected.
The second transformation cannot be done to the end and we stop after the second order, which
is the main approximation we have made. Note that rq introduced in the first transformation
should be helpful for the convergence of the second transformation since the expansion
parameter of the second transformation S, is, in fact, g(§(k + q, k) — rq)/w,. This expansion
parameter is quite small or even ~0 in the following four limiting cases:

(1) Adiabatic limit (w, = 0): in this limit rq = 0, §(k + q, k) = 0 (equation (10)), so we
have §(k +q, k) —rq = 0.

(2) Anti-adiabatic limit (w, — o0): in this limit r; = 1 and §(k + ¢, k) = 1, and we also
have §(k + ¢, k) —rqg = 0.

(3) Strong coupling regime (€,/w, > 1): the narrowing factor 1 should be small enough
(n — 0) and then the difference &(k + q, k) — rq will also become small enough.

(4) Weak coupling regime (A < 1): there should be no problem for the convergence of the
second transformation.

Hence, we conclude that the two points which justify our perturbation approach are:
(1) it can reproduce both the lower phonon frequency results of the ME theory and the
higher frequency results of the LF theory; (2) in the intermediate region, w,/Er ~ 1 and/or
€,/wp > 1, the expansion parameter g (& (k + q, k) —rq)/w, should be within the controllable
region since we have 0 < §(k+¢q, k) < 1,0 <rg < 1land [§(k+q, k) —rg| < 1.
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