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Thermodynamic properties of the square-lattice Holstein model of the electron-phonon prob-
lem with phonon frequencies small compared to the bare Fermi energy are obtained using Monte
Carlo methods, a strong-coupling (bipolaronic) expansion, and a weak coupling Migdal-Eliashberg
approach. Already at elevated temperatures where the charge-density wave (CDW) and super-
conducting (SC) correlations are very short-range, a crossover occurs as a function of increasing
electron-phonon coupling, Ao, from a normal metallic regime to a pseudogap regime. At sufficiently
low T', a SC phase is found for small Ao and a commensurate insulating CDW phase for large \o.

Introduction — Electron-phonon interactions determine
many of the electronic properties of quantum materi-
als; this includes the normal state electrical transport
properties of most metals at all but the lowest temper-
atures, and of course the nature of the superconducting
(SC) and/or charge-density-wave (CDW) ground-states
of many “conventional” materials. In all but a few cases,
the dimensionless electron-phonon coupling constant, Ag,
is of order one. Nonetheless, there is a genuine small
parameter in the problem, the ratio of the phonon en-
ergy, hwgy, to the bare Fermi energy, Eg)). While it
has been argued that Migdal-Eliashberg (ME) theoryl*
provides an accurate solution to this problem provided
Ao K E;?)/hwm we recently showed® that ME theory
breaks down when A\g ~ 1, even when the nominal condi-
tion for its validity is satisfied. As was already suggested
in various earlier studies,® this breakdown is associated
with the non-perturbative formation of bipolarons.

In the present paper, we explore the global phase di-
agram of the Holstein model® — the paradigmatic model
of the electron-phonon problem — over a broad range of
temperatures, T', and )\ in the physically important limit
hwo /EJ(!«“O) < 1. We have carried out extensive Monte
Carlo (MC) calculations, which we then compare with
the results of ME theory and with a strong-coupling ex-
pansion (in powers of 1/Xg). As shown in the schematic
phase diagram in Fig |l there are two regions separated
by a crossover line, T' = T*(\g); ME theory gives a good
account of the physics only in the left region while a
strong-coupling “polaronic” approach is accurate to the
right. (Naturally, neither approach is entirely reliable
close to the crossover line.)

The physics in the two regions is correspondingly dis-
tinct: In the weak coupling regime, the properties of the
normal state are dominated by weakly scattered quasi-
particle excitations near a well-defined Fermi surface with
decay rates iy ~ A\gT and there is a low-1" superconduct-
ing ground-state with a transition temperature T, which
is proportional to hwy times a (possibly non-monotonic)
function of Ag. In the strong-coupling limit, there is
a “pseudogap” to single-particle excitations, the nor-
mal state is a classical lattice gas of (effectively non-
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FIG. 1. Schematic phase diagram of the electron-phonon

problem with small w = hwo/El(mO). Depending on details of
the band-structure and the electron density, additional CDW
phases can arise (including metallic ones at intermediate Ag).

dynamical) bipolarons with binding energy ~ )\OEl(pO) and
at low temperatures the system has a tendency to com-
mensurate CDW states, with ordering vectors unrelated
to any Fermi-surface nesting vector. Depending on the
electron density there may be a sequence of transitions to
higher-order commensurate states or phase separation.

We will study the Holstein Hamiltonian®
H=H,+H,+H._p, (1)
He = —Ztijcjo_c]'g —uznig, (2)
j0 (2o
2
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Hp_;QM—&—ini, (3)
Hefp =« Z TiMio, (4)

and wg = /K /M. The important dimensionless param-
eters are the coupling strength \g = azp(o)/K and the



retardation parameter w = hwg /Eg))7 where p(© is the
bare (o« = 0) single-spin density of states at the Fermi
energy” While there are notable exceptions, the regime of
the Holstein model relevant to most materials is w < 1.

We therefore study the phase diagram and thermo-
dynamic correlation functions of the Holstein model in
the limit w < 1. In previous work® we carried out
such a study via determinant quantum Monte Carlo
(DQMC) for w = 0.1, but only for weak to moderate
Ao 0 < Xy <0.6. The DQMC method is challenging to
employ in the strong-coupling regime due to prohibitively
long autocorrelation times for temperatures much lower
than E}O).S Fortunately, in this strong-coupling regime
especially, the results are not expected to depend strongly
on M so long as w < 1, an expectation that we have con-
firmed where it can be tested” Thus, to analyze the full
phase diagram, we will consider here the limit M — oo,
corresponding to w — 0. In this limit the phonons be-
come classical variables, and the MC calculations become
substantially simpler. (See the Appendix for details of
the MC algorithm employed.) We have chosen param-
eters to avoid any non-generic band features or special
commensurate densities — specifically we take the matrix
t;; to contain both nearest-neighbor hopping ¢ and next-
nearest-neighbor hopping ', with the ratio ¢'/t = —0.3.
We work at a fixed chemical potential, chosen such that
the density is n = 0.8 at T = 0.25¢. We have studied
systems of linear size L < 12 with periodic boundary
conditions and temperatures 7' > t/40.

Results — The phase diagram derived from our MC
studies in the M — oo (w — 0) limit is shown in Fig.
For Ay < 1 we find a translationally invariant Fermi
liquid ground-state. At strong-coupling Ag > 1 the low-
energy degrees of freedom are bipolarons, which have a
binding energy V = a?/K and behave as a lattice gas of
interacting hard-core classical charge 2e particles. (It is
convenient to think of the bipolarons as hard-core bosons,
but because they are non-dynamical in this limit, they in
fact have no meaningful quantum statistics.) The change
in the nature of the low-energy states manifests as a pseu-
dogap in the single-particle electron spectrum, onsetting
at a temperature T* ~ V. At lower T and for sufficiently
large A9 we find a Q = (w,7) CDW state. While ME
theory is extremely accurate for T' > T, we will see that
it fails to describe the crossover at T" ~ T™, and misses
the strong-coupling physics when 7" < T* entirely. By
contrast, the strong-coupling expansion (also discussed
below) gives a satisfactory account of the system in the
strong-coupling regime; in particular, the CDW phase
boundary labeled T8 ~ 1/)\q in the figure was com-
puted to leading order in the strong-coupling expansion
for the same parameters as in the MC study. Variations
of the density with temperature and coupling strength
are shown in Figure

We have previously carried out DQMC calculations for
this model with large but finite M such that w = 0.1.
We expect the thermodynamic properties for w = 0 to
be similar to those with w = 0.1 when T > hwg or to

g
&~
02 L 0/ «_ Tlsing n =08 |
’ I _ee0eee ~.C
I o® &~ _
0.1 | ¢ ° - o
I ®  (m,m)-CDW e B
00 |=. 1 L 1 L 1 L 1
0.0 0.5 1.0 1.5 2.0
Ao

FIG. 2. Phase diagram of the Holstein model in the M — oo
limit with ¢'/t = —0.3. Chemical potential has been chosen
such that n = 0.8 for T' = 0.25¢t. The inset shows the phase
diagram extended to higher temperatures where, for Ao 2>
1, T* becomes equal to half the bipolaron binding energy,
V/2, as expected from the strong-coupling limit. See text for
additional details.
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FIG. 3. Density n as a function of T' for various coupling
strengths. The dashed line shows the evolution of the density
for non-interacting electrons. Arrows indicate Tcaw inferred
from finite-size scaling. Linear system size is L = 12.

the right of the T*(\g) line. While we have not explicitly
tested this in all cases (especially at large Ag and low
T, where the w # 0 DQMC is most difficult), we have
verified the validity of this expectation wherever we have
w # 0 results. Even to the left of the T*(\g) line, the
results with w = 0 and w = 0.1 differ little down to
temperatures that are a small fraction of hwy. However,
in this weak coupling regime, for finite w (but still w < 1)
we expect a SC transition at T, ~ fuwg exp(—1/A). This
accounts for the one qualitative difference between Fig.
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FIG. 4. DOS as a function of energy relative to Er at various T' (a) for Ao = 0.54 and (b) for Ao = 2.43. The dashed vertical
lines indicate the bipolaron binding energy £V. Linear system size is L = 12. Delta functions are broadened with n ~ 10/L>.
T* is identified as the highest temperature at which there is a local minimum at w = 0. (c¢) The spin susceptibility as a function
of T for various \o; the arrows indicated T™* inferred from the DOS. Linear system size is L = 10.

[[Jand 2} in the former we have added a SC phase below a
critical temperature computed according to ME theory3
while of course 7. = 0 in the M — oo limit 19

CDW phase — At zero temperature, mean-field theory
is exact in the M — oo limit and gives a first order tran-
sition to a Q = (m,7) CDW state at a critical coupling
strength A\g = g ~ 0.31, indicated by the orange circle in
Fig. [2| At fixed density, the system would phase separate
into a region with n = 1 and a region with n < 0.8. For
Ao > Ao, the (7, 7) state persists to 7' > 0 and the finite
temperature transitions we have observed appear contin-
uous. (Presumably, this is not the case at low enough T
since, on theoretical grounds, if there is a first order tran-
sition at T = 0 one would expect it to persist to small
non-zero T.) The CDW phase boundary is identified by
finite-size scaling of the phonon correlation function at
wave-vector Q,

D(Q) = 25 S I (5)
ij
where L is the linear system size, assuming the transition
to be in the Ising university class. Details of this analysis
are provided in the Appendix.

From a strong-coupling expansion in 1/Ag one finds the
effective Hamiltonian for the system (which gives a valid
description for temperatures T' < V') is an antiferromag-
netic Ising model in a uniform external field 1112

Heﬁ‘ = ZJijTiTj — hZTi, (6)
i %

where 7; are classical Ising variables taking on the val-
ues +1 and J;; = 2t7;/U. The relation to the elec-
tronic degrees of freedom is that 7; = 1 if a site is oc-
cupied by a bipolaron and zero otherwise. The den-
sity n of the original electrons and the magnetization

m of the Ising spins are related by n = 1 +m. In
the parameter regime where the nearest-neighbor J is
much stronger than all further neighbor couplings and
also near to half-filling (m = 0), this model has a tran-
sition from a paramagnetic phase to a (m,7) antiferro-
magnetic phase at a temperature 7518 ~ J. Depend-
ing on m and the nature of the further neighbor cou-
plings there may be additional ordering transitions or
phase separation at lower temperatures ¥ We have com-
puted T'& for the parameters relevant to the model
under consideration — nearest-neighbor J = 22 /U, next-
nearest-neighbor J' = 2t’2/U, and external field h tuned
such that m(T = 0.25t) = —0.2 — and in Figure [2] we
show that the transition temperature coincides very ac-
curately with Teqy of the full Holstein model for Ag 2 1.

Pseudogap — The pseudogap region can be delimited by
various crossover temperature scales. We define T*(o)
as the temperature below which the electronic density
of states (DOS) p(w) develops a minimum at w = 0,
similar to the conventional definition of the pseudogap
temperature in various correlated materials. The DOS
for a given phonon configuration X is

px() = 75 36w~ Bo[X]), 7)
A

where F are the single-particle energies in the phonon
configuration X. The DOS is then obtained by averaging
over phonon configurations (This procedure is explained
in more detail in the Appendix). In practice the delta
functions in are resolved with a Lorentzian broad-
ening, with broadening parameter n chosen to be on the
order of the finite size gaps in the single-particle spectrum
for a given system size. The DOS for representative weak
and strong-coupling values is shown in Figure [4]
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FIG. 5. Temperature averaged DOS at the Fermi-energy
pp at T' = 0.25¢, normalized by the zero-temperature, non-
interacting DOS p(®. At this elevated temperature P < p©
even for Ag = 0. The breakdown of ME theory occurs for
Mo ~ 0.5. Linear system size is L = 12.

The appearance of a pseudogap is also evident in ther-
modynamic observables. In the w = 0 limit of the current
model, the charge and spin susceptibilities are degenerate
and we therefore define a single static susceptibility

x = 1 () — (02 = & (- ), s)

were N = Y. #; and M = Y, S7. In Figure |4 we sce
there is indeed a depression of y below T™*.

ME theory — Migdal-Eliashberg (ME) theory purports
to solve the electron-phonon problem for any coupling
strength Ao, provided the product Agw < 11/ For w =0
the ME theory should therefore be valid for arbitrary .
To assess the validity of this statement we compare the
single-particle DOS computed within ME theory to that
obtained with MC results. Our ME calculations are car-
ried out in imaginary time and therefore comparison with
dynamical quantities (e.g., single-particle DOS) requires
analytic continuation. Rather than dealing with com-
plications associated with analytic continuation we will
work with a proxy for the low-energy DOS:

paziG(XZOaTZB/m:zi/dw% Y

cos )’

This quantity is essentially the single-particle DOS aver-
aged over an energy window of order the temperature. At
low-temperatures p(Ep) ~ pg. In Figure [5| we show pg
computed with MC and within ME theory, at T' = 0.25¢
where the density in both calculations is n = 0.8. We
find ME becomes qualitatively incorrect for g = 0.5,
where the MC shows a precipitous drop due to the onset
of the pseudogap (T* =~ 0.25¢ for A\g = 0.5), while the

ME shows a much weaker dependence. We emphasize

4

that this temperature is well above Teqw (Teaw = 0.1t for
Ao = 0.5) and therefore the breakdown of ME theory is
unrelated with the onset of CDW order. Indeed, we find
that Teqw drops rapidly as the density decreases from
n = 1, while T* is essentially unchanged. Rather, the
breakdown occurs because of a dramatic rearrangement
in the low-energy spectrum upon entering the pseudogap
regime. When )¢ 2 1, and even when A\gw = 0, the ME
perturbation theory breaks down because it is a pertur-
bative expansion around the wrong state.

Conclusion — While ME theory works well for suffi-
ciently weak coupling, it breaks down to the right of the
T*(Xo) line where the system is described by a classical
lattice gas whose low-energy excitations are bipolarons.
Because T* exceeds significantly the ordering tempera-
ture T.qw We do not associate the breakdown of ME the-
ory with a competing order or fluctuations near Tiqy.
Furthermore, we emphasize that the CDW transition is
unrelated to features of the Fermi surface but is associ-
ated with the commensurate ordering expected from the
Ising description of the system in strong coupling.

Interesting materials typically have multiple phonon
branches, often multiple electronic bands crossing the
Fermi energy, and generally more structured electron-
phonon coupling, so quantitative comparison with the
results for the Holstein model are of course not possible.
However, we feel that aspects of the present results are of
general relevance. Two aspects of the results, in particu-
lar, are relevant to phonon-mediated superconductivity.
On the one hand, the breakdown of ME theory when
Ao ~ 1 appears to be unavoidable; for example, seeking
ways to prevent a lattice instability (e.g. CDW order-
ing) does not, by itself, extend the range of validity of
ME theory. Moreover, while large A\g can indeed produce
a large pairing scale, the resulting bipolaron formation
is accompanied by a drop in the superconducting sus-
ceptibility. These results further corroborate our earlier
inference? that there is an optimal value of Ay ~ 1 at
which T, is maximal, and that T, always drops quickly
to zero for larger Ag.

In exploring whether the optimal Ay obtained here is
consistent with experimental data, it is important to dis-
tinguish the bare value of the electron-phonon coupling
— our \g — from the renormalized value, A, which can
be extracted, for example, from tunneling data. The in-
duced phonon softening that is prominent at larger cou-
pling strength results in values of A > \g. For example,
for the Holstein model with the same parameters studied
here® Ay = 0.5 corresponds to A ~ 2. In this context,
we note that in the famous Allen-Dynest® compilation of
experimental values of A\ and T, for a large number of
conventional superconductors, all the entries are roughly
in the range A < 2. The presence of an apparent upper
bound on A in SCs is something that is not expected on
the basis of ME theory.
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