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It is generally accepted that the dynamical mean field theory gives a good solution of the Holstein model,

but only in dimensions greater than two. Here, we show that this theory, which becomes exact in the weak

coupling and in the atomic limit, provides an excellent, numerically cheap, approximate solution for the

spectral function of the Holstein model in the whole range of parameters, even in one dimension. To

establish this, we make a detailed comparison with the spectral functions that we obtain using the newly

developed momentum-space numerically exact hierarchical equations of motion method, which yields

electronic correlation functions directly in real time. We crosscheck these conclusions with our path

integral quantum Monte Carlo and exact diagonalization results, as well as with the available numerically

exact results from the literature.

DOI: 10.1103/PhysRevLett.129.096401

The Holstein model is the simplest model that describes
an electron that propagates through the crystal and interacts
with localized optical phonons [1]. On the example of this
model, numerous many-body methods were developed and
tested [2]. The Holstein molecular crystal model is also very
important in order to understand the role of polarons
(quasiparticles formed by an electron dressed by lattice
vibrations) in real materials [3]. This is still a very active field
of research fueled by new directions in theoretical studies
[4—12] and advances in experimental techniques [13].

The Holstein model can be solved analytically only in
the limits of weak and strong electron-phonon coupling
[14-16]. Reliable numerical results for the ground state
energy and quasiparticle effective mass were obtained in the
late 1990s using the density matrix renormalization group
(DMRG) [17,18] and path integral quantum Monte Carlo
(QMC) methods [19], and also within variational appro-
aches [20-22]. At the time, numerically exact spectral
functions for one-dimensional (1D) systems were obtained
only within the DMRG method [17,18]. The main drawback
of the QMC method is that it gives correlation functions in
imaginary time and obtaining spectral functions and dy-
namical response functions is often impossible since the
analytical continuation to the real frequency is a numerically
ill-defined procedure. Interestingly, at finite temperature the
spectral functions were obtained only very recently using
finite-7' Lanczos (FTLM) [23] and finite-T DMRG [24]
methods. All these methods have their strengths and weak-
nesses depending on the parameter regime and temperature.
As usually happens in a strongly interacting many-body
problem, a complete physical picture emerges only by
taking into account the solutions obtained with different
methods.

The hierarchical equations of motion (HEOM) method is
a numerically exact technique that has recently gained

0031-9007/22/129(9)/096401(6)

096401-1

popularity in the chemical physics community [25-28].
It has been used to explore the dynamics of an electron
(or exciton) linearly coupled to a Gaussian bosonic bath.
Within HEOM, we calculate the correlation functions
directly on the real time (real frequency) axis [29].
Nevertheless, the applications of the HEOM method to
the Holstein model [30-34] have been, so far, scarce
because of the numerical instabilities stemming from the
discreteness of the phonon bath on a finite lattice.

Along with numerically exact methods, a number of
approximate techniques have been developed and applied to
the Holstein model [35-38]. The dynamical mean field
theory (DMFT) is a simple nonperturbative technique that
has emerged as a method of choice for the studies of the Mott
physics within the Hubbard model [39,40]. It can also be
applied to the Holstein model giving numerically cheap
results directly on the real frequency axis [41]. This method
fully takes into account local quantum fluctuations and it
becomes exact in the limit of infinite coordination number
when the correlations become completely local. It was
soon recognized [42,43] that the DMFT gives qualitatively
correct spectral functions and conductivity for the Holstein
model in three dimensions. In low-dimensional systems the
solution is approximate as it neglects the nonlocal correla-
tions and one might expect that the DMFT solution would
not be accurate, particularly in one dimension. Surprisingly,
to our knowledge, only the DMFT solution for the Bethe
lattice was used in comparisons with the numerically exact
results for the ground state properties in one dimension
[20,44]. The quantitative agreement was rather poor, sug-
gesting that the DMFT cannot provide a realistic description
of the low-dimensional Holstein model due to the impor-
tance of nonlocal correlations [16,20,44].

In this Letter, we present a comprehensive solution of the
1D Holstein model: (i) We solve the DMFT equations in all

© 2022 American Physical Society
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parameter regimes. At zero temperature we find a remark-
able agreement of the DMFT ground state energy and
effective mass with the available results from the litera-
ture in one, two, and three dimensions. (ii) For interme-
diate electron-phonon coupling, we obtain numerically
exact spectral functions using the recently developed
momentum-space HEOM approach [45]. For strong cou-
pling we calculate the spectral functions using exact
diagonalization (ED). We find a very good agreement with
DMEFT results and therefore demonstrate that the DMFT is
rather accurate, in sharp contrast to current belief in the
literature. (iii) We crosscheck the results with our QMC
calculations in imaginary time. Overall, we demonstrate
that the DMFT emerges as a unique method that gives close
to exact spectral functions in the whole parameter space of
the Holstein model, both at zero and at finite temperature.

Model and methods.—We study the 1D Holstein model
given by the Hamiltonian

H = —ZOZ(C;LCH1 +H.c.)

- gzni(aj +a;) + wozajai- (1)

Here, clT (aj) are the electron (phonon) creation operators,
to is the hopping parameter, and n; = cjc,-. We consider
dispersionless optical phonons of frequency @, and g
denotes the electron-phonon coupling parameter. f,, A, kg,
and lattice constant are set to 1. We consider the dynamics
of a single electron in the band. It is common to define
several dimensionless parameters: adiabatic parameter
¥ = w,/2t,, electron-phonon coupling 1 = ¢>/2ty®,, and
a = g/w,. These parameters correspond to different physi-
cal regimes of the Holstein model shown schematically in
Fig. 1(a).

In order to obtain reliable solutions in the whole para-
meter space, we use two approximate methods and three
methods that are numerically exact. In the Holstein model,
the DMFT reduces to solving the polaron impurity problem
in the conduction electron band supplemented by the self-
consistency condition [41]. The impurity problem can be
solved in terms of the continued fraction expansion, giving
the local Green’s function on the real frequency axis (see
Ref. [41] and Supplemental Material (SM) [46], Sec. I, for
details). A crucial advantage of the DMFT for the Holstein
model is that it becomes exact in both the weak coupling
and in the atomic limit, and that it can be easily applied in
the whole parameter space both at zero and at finite
temperature. The DMFT equations can be solved on a
personal computer in just a few seconds to a few minutes
depending on the parameters. On general grounds, the
DMFT is expected to work particularly well at high
temperatures when the correlations become more local
due to the thermal fluctuations [47,48]. We will compare
the DMFT with the well-known self-consistent Migdal
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FIG. 1. (a) Schematic plot of different regimes in the (y, 1)

parameter space. The white (black) circles correspond to para-
meters for which both HEOM and QMC (just QMC) calculations
were performed. The DMFT results are obtained in practically
whole space of parameters. (b) Comparison of the DMFT and
DMRG (taken from Refs. [17,20]) renormalized electron mass at
T = 0. (c) Comparison of the ground state energy from the
DMEFT and the global-local variational approach (taken from
Ref. [20]) at T = 0.

approximation (SCMA) [49], which becomes exact only in
the weak coupling limit; see Sec. II of SM [46].

We have recently developed the momentum-space
HEOM method [45] that overcomes the numerical insta-
bilities originating from the discrete bosonic bath. Within
this method we calculate the time-dependent greater Green’s
function G~ (k, ), which presents the root of the hierarchy
of the auxiliary Green’s functions. The hierarchy is, in
principle, infinite, and one actually solves the model by
truncating the hierarchy at certain depth D. The HEOM are
propagated independently for each allowed value of k up to
long times (@t ~ 500). The propagation takes 5 to
10 hours on 16 cores per momentum k. The discrete
Fourier transform is then used to obtain spectral functions
without introducing any artificial broadening. Numerical
error in the HEOM solution can originate from the finite-size
effects since the method is applied on the lattice with N sites,
and also from the finite depth D. We always use N and D, as
given in SM [46], which correctly represent the thermody-
namic limit. Generally, for larger g we need smaller N and
larger D. This is why the ED method with a small number of
sites could be a better option in the strong coupling regime.
The ED method can be used more efficiently after the initial
Hamiltonian is transformed by applying the Lang-Firsov
transformation; see SM [46], Sec. III.

In the QMC method, we calculate the correlation func-
tion Cy(7) = <ck(1)c,t>m in imaginary time. The thermal
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expectation value is performed over the states with zero
electrons and c¢;(7) = e ce™™. We use the path integral
representation, the discretization of imaginary time, and
analytical calculation of integrals over the phonon coor-
dinates. We then evaluate a multidimensional sum over the
electronic coordinates by a Monte Carlo method. This
method is a natural extension of early works where such
approach was applied just to thermodynamic quantities
[50-52]. Details of the method are presented in Ref. [45].

Results at zero temperature.—In Fig. 1(b), we show the
DMEFT results for the electron effective mass at the bottom
of the band, m*/my = 1 — dReZ(w)/dw|; (Where X(w) is
the self-energy), over a broad range of parameters covering
practically the whole parameter space in the (y,1) plane.
We see that the mass renormalization is in striking agree-
ment with the DMRG result [17,20] that presents the best
available result from the literature. Small discrepancies are
visible only for stronger interaction with small @wy. A
similar level of agreement can be seen in the comparison
of the ground state (polaron) energy E), in Fig. 1(c). Here,
the results obtained with variational global-local method
[20,21] are taken as a reference. While the agreement in the
weak coupling and in the atomic limit could be anticipated
since the DMFT becomes exact in these limits, we find the
quantitative agreement in the crossover regime between
these two limits rather surprising, having in mind that the
DMFT completely neglects nonlocal correlations. It is also
interesting that this was not observed earlier. The only
difference from the standard reference of Ciuchi ef al. [41]
is that we applied the DMFT to the 1D case, as opposed to
the Bethe lattice. This is, however, a key difference.
Otherwise the DMFT provides only a qualitative descrip-
tion of the Holstein model [3,16,20,44,53]. From the
technical side, the only difference as compared to the case
of the Bethe lattice is in the self-consistency equation. For
obtaining a numerically stable and precise solution, it was
crucial to use an analytical expression for the self-
consistency relation (see Sec. IB in SM [46]). We have
also calculated the effective mass for two- and three-
dimensional lattices (see Sec. IC in SM [46]) and the
agreement with the QMC calculation from Ref. [19] is
excellent. This was now expected since the importance of
nonlocal correlations decreases in higher dimensions. A
comparison with the Bethe lattice effective mass is illus-
trated in SM [46], Sec. ID.

The next step is to check if the agreement with the
numerically exact solution extends also to spectral func-
tions. Typical results at k = O are illustrated in Fig. 2. We
note that at 7 = 0 the DMFT quasiparticle peak is a delta
function (broadened in Fig. 2), while satellite peaks are
incoherent having intrinsic nonzero width. In HEOM, the
peak broadening due to the finite lattice size N and finite
propagation time #,,,, is generally much smaller than the
Lorentzian broadening used in the insets of Figs. 2(a)-2(d).
The weights of the DMFT and HEOM quasiparticle peaks
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FIG. 2. (a)~(d) Integrated HEOM, DMFT, SCMA, and ED
spectral weight, I(w) = [“_ dvA;(v), for k =0 and T = 0. The
insets show comparisons of the spectral functions. I(®) is
obtained without broadening, whereas A(w) is broadened by
Lorentzians of half-width n = 0.05.

correspond to the mg/m* ratio. The satellite peaks are also
very well captured by the DMFT solution in all parameter
regimes. For g = 1 we can see two small peaks in the first
satellite structure of the HEOM solution. We find very
similar peaks also in the DMFT solution when applied on a
lattice of the same size, which is here equal to 10 (see SM
[46], Sec. IV). Hence, we conclude that these peaks are an
artefact of the finite lattice size. In the strong coupling
regime wy = 1, g = 2, the DMFT is compared with ED
since the thermodynamic limit is practically reached for
N = 4; see SM [46], Sec. IV. Here, we notice a pronounced
excited quasiparticle peak [22,23] whose energy is below
E, + wy. This peak, which consists of a polaron and a bound
phonon, is also very well resolved within the DMFT solu-
tion. For parameters in Fig. 2(d) the lattice sites are nearly
decoupled, approaching the atomic limit (7y < g, @), when
the DMFT becomes exact (see Sec. V in SM [46]). For a
comparison, we show also the SCMA spectral functions. As
the interaction increases, the SCMA solution misses the
position and the weight of the quasiparticle peak and the
satellite peaks are not properly resolved. Further compar-
isons of zero temperature spectral functions are shown in
Sec. VI of SM [46].

Results at finite temperature.—Reliable finite-T" results
for the spectral functions of the Holstein model have been
obtained only very recently using the FTLM [23] and
finite-7 DMRG methods [24]. Here, we calculate the
spectral functions using HEOM or ED and compare them
extensively with the DMFT. The results are crosschecked
using the QMC results in imaginary time.

Typical results for the spectral functions are shown in
Fig. 3, while additional results for other momenta and other
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FIG. 3. (a)-(h) Spectral functions at 7 > 0 for k = O and k = x.
In panels (e)—(f) only the ED results are broadened by Lorent-
zians of half-width n = 0.05, while all the curves are broadened
in (g)—(h) with the same 5. All insets are shown without
broadening.

parameters are shown in Sec. VII of SM [46]. We see
that for 7 > O the satellite peaks appear also below the
quasiparticle peak. The agreement between the DMFT and
the HEOM (ED) spectral functions is very good. The
agreement remains excellent even for g =2 where the
electrons are strongly renormalized m*/mg ~ 10, which is
far away from both the atomic and weak coupling limits,
where the DMFT is exact. A part of the difference between
the DMFT and the HEOM (ED) results can be ascribed to
the small finite-size effects in the HEOM and ED solutions,
as detailed in SM [46], Sec. IV. In accordance with the
presented results, it is not surprising that the self-energies
are nearly k independent, as shown in SM [46], Sec. VIIIL.
It is also instructive to examine the difference between
the SCMA and DMFT (HEOM) solutions. For moderate
interaction [Figs. 3(a) and 3(b)], the weight of the SCMA
quasiparticle peak is nearly equal to the DMFT (HEOM)
quasiparticle weight, and the overall agreement of spectral
functions is rather good. This is not the case for stronger
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FIG. 4. (a), (b) Comparison of DMFT, HEOM, and finite-7

DMRG and FTLM (taken from Ref. [24]) spectral functions at
T = 0.4. All the lines are here broadened by Lorentzians of half-
width # = 0.05. (c), (d) DMFT, QMC, HEOM, and SCMA
imaginary time correlation functions at 7 = 0.4 (T’ =1 in the

insets). Here, g = V2, wy = 1.

electron-phonon coupling [Figs. 3(c)-3(h)] where the
SCMA poorly approximates the true spectrum.

We observe that for g = /2 and k = 7 the DMFT and
HEOM satellite peaks are somewhat shifted with respect to
one another; see Figs. 3(c) and 3(d). This is the most
challenging regime for the DMFT, representing a crossover
(4 = 1) between the small and large polaron. Nevertheless,
the agreement remains very good near the quasiparticle peak
for k = 0, which will be the most important for transport in
weakly doped systems. In order to gain further confidence

into the details of the HEOM spectral functions for g = v/2,
we compare them with the available results obtained within
the finite-7T DMRG and Lanczos methods. We find an
excellent agreement, as shown in Figs. 4(a) and 4(b).

The DMFT and HEOM results are crosschecked with the
path integral QMC calculations. The quantity that we
obtain in QMC is the single electron correlation function
in imaginary time, which can be expressed through the
spectral function as Cy(7) = [% dw e *"A;(w). Typical
results are illustrated in Figs. 4(c) and 4(d), while extensive
comparisons are presented in Sec. IX of SM [46]. At T =
0.4 we can see a small difference in C,(7) between the
DMFT and QMC (HEOM) results. At T = 1, both for
k = 0 and k = z, the difference in C(z) is minuscule, well
below the QMC error bar, which is smaller than the symbol
size. This confirms that nonlocal correlations are weak.
Similarly, as for the spectral functions, the SCMA corre-
lation functions show clear deviation from other solutions.
We, however, note that great care is needed when drawing
conclusions from the imaginary axis data since a very small
difference in the imaginary axis correlation functions can
correspond to substantial differences in spectral functions.
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Conclusions.—In summary, we have presented a com-
prehensive solution of the 1D Holstein polaron covering all
parameter regimes. We showed that the DMFT is a
remarkably good approximation in the whole parameter
space. This approximation is simple, numerically efficient,
and can also be easily applied in two and three dimensions.
We successfully used momentum-space HEOM and ED
methods for comparisons with the DMFT spectral func-
tions both at zero and at finite temperature. The compar-
isons showed an excellent agreement between the spectral
functions in most of the parameter space. For parameters
that are most challenging for the DMFT, a very good
agreement was found around k = 0 and a reasonably good
agreement was obtained at larger values of k. All of the
results are crosschecked with the imaginary axis QMC
calculations and with the available results from the liter-
ature. Both the DMFT and HEOM methods are imple-
mented directly in real frequency, without artificial
broadening of the spectral functions. This will be crucial
in order to calculate dynamical quantities and determine a
potential role of the vertex corrections to conductivity by
avoiding possible pitfalls of the analytical continuation,
which we leave as a challenge for future work.

D.T. acknowledges wuseful discussions with V.
Dobrosavljevi¢. We thank J. Bonca for sharing with us
the data from Ref. [23]. The authors acknowledge funding
provided by the Institute of Physics Belgrade, through the
grant by the Ministry of Education, Science, and
Technological Development of the Republic of Serbia.
Numerical simulations were performed on the PARADOX
supercomputing facility at the Scientific Computing
Laboratory, National Center of Excellence for the Study
of Complex Systems, Institute of Physics Belgrade.

[1] T. Holstein, Ann. Phys. (N.Y.) 8, 325 (1959).

[2] A.S. Alexandrov, Polarons in Advanced Materials
(Springer, New York, 2007).

[3] C. Franchini, M. Reticcioli, M. Setvin, and U. Diebold, Nat.
Rev. Mater. 6, 560 (2021).

[4] L. Vidmar, J. Bonca, M. Mierzejewski, P. Prelovsek, and
S. A. Trugman, Phys. Rev. B 83, 134301 (2011).

[5] B. Kloss, D.R. Reichman, and R. Tempelaar, Phys. Rev.
Lett. 123, 126601 (2019).

[6] C. Brockt and E. Jeckelmann, Phys. Rev. B 95, 064309
(2017).

[7] N. Prodanovi¢ and N. Vukmirovi¢, Phys. Rev. B 99, 104304
(2019).

[8] J. Stolpp, J. Herbrych, F. Dorfner, E. Dagotto, and F.
Heidrich-Meisner, Phys. Rev. B 101, 035134 (2020).

[9] Y. Murakami, P. Werner, N. Tsuji, and H. Aoki, Phys. Rev.
B 91, 045128 (2015).

[10] D. Jansen, J. Stolpp, L. Vidmar, and F. Heidrich-Meisner,
Phys. Rev. B 99, 155130 (2019).
[11] J. H. Fetherolf, D. GoleZz, and T. C. Berkelbach, Phys. Rev.

X 10, 021062 (2020).

[12] A.S. Mishchenko, N. Nagaosa, and N. Prokof’ev, Phys.
Rev. Lett. 113, 166402 (2014).

[13] M. Kang, S. W. Jung, W.J. Shin, Y. Sohn, S. H. Ryu, T. K.
Kim, M. Hoesch, and K. S. Kim, Nat. Mater. 17, 676 (2018).

[14] G. Mahan, Many-Particle Physics (Kluwer Academic,
New York, 2000).

[15] I. Lang and Y. A. Firsov, Zh. Eksp. Teor. Fiz. 43, 1843
(1962) [Sov. Phys. JETP 16, 1301 (1963)].

[16] A.S. Alexandrov and J. T. Devreese, Advances in Polaron
Physics (Springer, New York, 2010).

[17] E. Jeckelmann and S.R. White, Phys. Rev. B 57, 6376
(1998).

[18] C.Zhang, E. Jeckelmann, and S. R. White, Phys. Rev. B 60,
14092 (1999).

[19] P.E. Kornilovitch, Phys. Rev. Lett. 81, 5382 (1998).

[20] A.H. Romero, D. W. Brown, and K. Lindenberg, J. Chem.
Phys. 109, 6540 (1998).

[21] A.H. Romero, D. W. Brown, and K. Lindenberg, Phys. Rev.
B 59, 13728 (1999).

[22] J. Bonca, S. A. Trugman, and I. Batisti¢, Phys. Rev. B 60,
1633 (1999).

[23] J. Bonca, S. A. Trugman, and M. Berciu, Phys. Rev. B 100,
094307 (2019).

[24] D. Jansen, J. Bonca, and F. Heidrich-Meisner, Phys. Rev. B
102, 165155 (2020).

[25] Y. Tanimura, J. Chem. Phys. 153, 020901 (2020).

[26] R.-X. Xu and Y.J. Yan, Phys. Rev. E 75, 031107 (2007).

[27] J. Jin, X. Zheng, and Y.J. Yan, J. Chem. Phys. 128, 234703
(2008).

[28] D. Hou, R. Wang, X. Zheng, N. H. Tong, J. H. Wei, and Y. J.
Yan, Phys. Rev. B 90, 045141 (2014).

[29] Z.H. Li, N. H. Tong, X. Zheng, D. Hou, J. H. Wei, J. Hu,
and Y.J. Yan, Phys. Rev. Lett. 109, 266403 (2012).

[30] L. Chen, Y. Zhao, and Y. Tanimura, J. Phys. Chem. Lett. 6,
3110 (2015).

[31] L. Song and Q. Shi, J. Chem. Phys. 142, 174103 (2015).

[32] L. Song and Q. Shi, J. Chem. Phys. 143, 194106 (2015).

[33] I. S. Dunn, R. Tempelaar, and D.R. Reichman, J. Chem.
Phys. 150, 184109 (2019).

[34] Y. Yan, T. Xing, and Q. Shi, J. Chem. Phys. 153, 204109
(2020).

[35] M. Hohenadler, M. Aichhorn, and W. von der Linden, Phys.
Rev. B 68, 184304 (2003).

[36] G. De Filippis, V. Cataudella, V. Marigliano Ramaglia, and
C. A. Perroni, Phys. Rev. B 72, 014307 (2005).

[37] M. Berciu, Phys. Rev. Lett. 97, 036402 (2006).

[38] G.L. Goodvin, M. Berciu, and G. A. Sawatzky, Phys. Rev.
B 74, 245104 (2006).

[39] A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg,
Rev. Mod. Phys. 68, 13 (1996).

[40] R. M. Martin, L. Reining, and D. M. Ceperley, Interacting
Electrons:  Theory and Computational Approaches
(Cambridge University Press, Cambridge, England, 2016).

[41] S. Ciuchi, F. de Pasquale, S. Fratini, and D. Feinberg, Phys.
Rev. B 56, 4494 (1997).

[42] S. Fratini, F. de Pasquale, and S. Ciuchi, Phys. Rev. B 63,
153101 (2001).

[43] S. Fratini and S. Ciuchi, Phys. Rev. Lett. 91, 256403 (2003).

[44] L.-C. Ku, S. A. Trugman, and J. Bon¢a, Phys. Rev. B 65,
174306 (2002).

096401-5


https://doi.org/10.1016/0003-4916(59)90002-8
https://doi.org/10.1038/s41578-021-00289-w
https://doi.org/10.1038/s41578-021-00289-w
https://doi.org/10.1103/PhysRevB.83.134301
https://doi.org/10.1103/PhysRevLett.123.126601
https://doi.org/10.1103/PhysRevLett.123.126601
https://doi.org/10.1103/PhysRevB.95.064309
https://doi.org/10.1103/PhysRevB.95.064309
https://doi.org/10.1103/PhysRevB.99.104304
https://doi.org/10.1103/PhysRevB.99.104304
https://doi.org/10.1103/PhysRevB.101.035134
https://doi.org/10.1103/PhysRevB.91.045128
https://doi.org/10.1103/PhysRevB.91.045128
https://doi.org/10.1103/PhysRevB.99.155130
https://doi.org/10.1103/PhysRevX.10.021062
https://doi.org/10.1103/PhysRevX.10.021062
https://doi.org/10.1103/PhysRevLett.113.166402
https://doi.org/10.1103/PhysRevLett.113.166402
https://doi.org/10.1038/s41563-018-0092-7
https://doi.org/10.1103/PhysRevB.57.6376
https://doi.org/10.1103/PhysRevB.57.6376
https://doi.org/10.1103/PhysRevB.60.14092
https://doi.org/10.1103/PhysRevB.60.14092
https://doi.org/10.1103/PhysRevLett.81.5382
https://doi.org/10.1063/1.477305
https://doi.org/10.1063/1.477305
https://doi.org/10.1103/PhysRevB.59.13728
https://doi.org/10.1103/PhysRevB.59.13728
https://doi.org/10.1103/PhysRevB.60.1633
https://doi.org/10.1103/PhysRevB.60.1633
https://doi.org/10.1103/PhysRevB.100.094307
https://doi.org/10.1103/PhysRevB.100.094307
https://doi.org/10.1103/PhysRevB.102.165155
https://doi.org/10.1103/PhysRevB.102.165155
https://doi.org/10.1063/5.0011599
https://doi.org/10.1103/PhysRevE.75.031107
https://doi.org/10.1063/1.2938087
https://doi.org/10.1063/1.2938087
https://doi.org/10.1103/PhysRevB.90.045141
https://doi.org/10.1103/PhysRevLett.109.266403
https://doi.org/10.1021/acs.jpclett.5b01368
https://doi.org/10.1021/acs.jpclett.5b01368
https://doi.org/10.1063/1.4919061
https://doi.org/10.1063/1.4935799
https://doi.org/10.1063/1.5092616
https://doi.org/10.1063/1.5092616
https://doi.org/10.1063/5.0027962
https://doi.org/10.1063/5.0027962
https://doi.org/10.1103/PhysRevB.68.184304
https://doi.org/10.1103/PhysRevB.68.184304
https://doi.org/10.1103/PhysRevB.72.014307
https://doi.org/10.1103/PhysRevLett.97.036402
https://doi.org/10.1103/PhysRevB.74.245104
https://doi.org/10.1103/PhysRevB.74.245104
https://doi.org/10.1103/RevModPhys.68.13
https://doi.org/10.1103/PhysRevB.56.4494
https://doi.org/10.1103/PhysRevB.56.4494
https://doi.org/10.1103/PhysRevB.63.153101
https://doi.org/10.1103/PhysRevB.63.153101
https://doi.org/10.1103/PhysRevLett.91.256403
https://doi.org/10.1103/PhysRevB.65.174306
https://doi.org/10.1103/PhysRevB.65.174306

PHYSICAL REVIEW LETTERS 129, 096401 (2022)

[45] V. Jankovi¢ and N. Vukmirovi¢, Phys. Rev. B 105, 054311
(2022).

[46] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.129.096401 for de-
tailed analysis and supporting data.

[47] J. Vucicevi¢, J. Kokalj, R. Zitko, N. Wentzell, D. Tanaskovié,
and J. Mravlje, Phys. Rev. Lett. 123, 036601 (2019).

[48] A. Vrani¢, J. Vucicevié, J. Kokalj, J. Skolimowski, R. Zitko,
J. Mravlje, and D. Tanaskovi¢, Phys. Rev. B 102, 115142
(2020).

[49] A.Migdal, Zh. Eksp. Teor. Fiz. 34, 1438 (1958) [Sov. Phys.
JETP 7, 996 (1958)].

[50] H. De Raedt and A. Lagendijk, Phys. Rev. Lett. 49, 1522
(1982).

[51] H. De Raedt and A. Lagendijk, Phys. Rev. B 27, 6097
(1983).

[52] H. De Raedt and A. Lagendijk, Phys. Rev. B 30, 1671
(1984).

[53] O.S. Barisi¢, Phys. Rev. B 76, 193106 (2007).

096401-6


https://doi.org/10.1103/PhysRevB.105.054311
https://doi.org/10.1103/PhysRevB.105.054311
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.096401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.096401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.096401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.096401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.096401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.096401
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.096401
https://doi.org/10.1103/PhysRevLett.123.036601
https://doi.org/10.1103/PhysRevB.102.115142
https://doi.org/10.1103/PhysRevB.102.115142
https://doi.org/10.1103/PhysRevLett.49.1522
https://doi.org/10.1103/PhysRevLett.49.1522
https://doi.org/10.1103/PhysRevB.27.6097
https://doi.org/10.1103/PhysRevB.27.6097
https://doi.org/10.1103/PhysRevB.30.1671
https://doi.org/10.1103/PhysRevB.30.1671
https://doi.org/10.1103/PhysRevB.76.193106

Supplemental Material: Spectral functions of the Holstein polaron: exact and
approximate solutions

Petar Mitri¢,! Veljko Jankovié,! Nenad Vukmirovié,! and Darko Tanaskovié¢!

Y Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

Here we present numerical results that complement the
main text and we also show some technical details of
the calculations. The Supplemental Material is orga-
nized as follows. The DMFT for the Holstein polaron
is briefly reviewed in Sec. I. Numerical implementation
of the DMFT self-consistency loop is presented in detail
and it is used to calculate the mass renormalization in
one, two and three dimensions and for the Bethe lattice
as well. In Sec. II the self-consistent Migdal approxi-
mation is briefly reviewed and used as a benchmark for
the DMFT in the weak-coupling limit. Sec. ITI presents
the ED method. In Sec. IV we investigate how the re-
sults depend on the chain length N and on hierarchy
depth D. Sec. V examines the DMFT solution close
to the atomic limit. Additional DMFT, SCMA, ED
and HEOM results for the spectral functions at T = 0
and T > 0 for various parameter values and for differ-
ent momenta k are shown in Secs. VI and VII, respec-
tively. The k-dependence of the self-energies is shown in
Sec. VIII. A detailed comparison of the DMFT, HEOM
and QMC correlation functions is presented in Sec. IX.
Sec. X presents a numerical procedure that was used
for the calculation of the integrated spectral weight. In
Sec. XI we show that the different definitions of spectral
functions used by various methods are all in agreement.

I. DMFT FOR THE HOLSTEIN POLARON

The DMFT solution for the Holstein polaron on the
infinitely-connected Bethe lattice was presented by
Ciuchi et al. in 1997 [S1]. Interestingly, to our knowl-
edge, this method has not been so far implemented on
a finite-dimensional lattice. Details of the implementa-
tion in 1d and in arbitrary number of dimensions are
the main content of this Section.

A. Physical content of the DMFT approximation

The DMFT was developed in the early 1990’s in the
context of the Hubbard model [S2] and has since signif-
icantly contributed to our understanding of the systems
with strong electronic correlations [S3]. The DMFT is a
non-perturbative method that fully takes into account
local quantum fluctuations. It becomes exact in the

Gy = initial guess

Y = impurity solver(Gy)

G(w) = [0y

—oow—X(w)—¢€

|G — Gol| < €ta1?

FIG. S1. DMFT self-consistency loop.

limit of infinite coordination number [S2], while it can
be considered as an approximation in finite number of
dimensions that keeps only local correlations by assum-
ing that the self-energy ¥ (w) is k-independent.

In practice, the DMFT reduces to solving the (An-
derson) impurity problem in a frequency dependent
Weiss field Go(w) that needs to be determined self-
consistently. The bare propagator (Weiss field) Go(w)
is responsible for the electron fluctuations between the
impurity and the reservoir (conduction bath). On-
site correlation is taken into account through the self-
energy. The connection with the lattice problem is
established by the requirement that the impurity self-
energy Yimp(w) is equal to the lattice self-energy X;;(w)
(while the nonlocal components ¥;;(w) are equal to zero
within DMFT) and that the impurity Green’s func-
tion Gimp(w) is equal to the local lattice Green’s func-
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FIG. S2. First few DMFT Feynman diagrams of the self-
energy in the expansion over Go.

tion Gi;(w) = & >, Gk(w). The DMFT equations are
solved iteratively as shown schematically in Fig. S1. For
a given bare propagator Gy an impurity solver is used
to obtain the self-energy, and then the self-consistency
is imposed by the Dyson equation. The subscripts for
the impurity and the local lattice Green’s function are
omitted since these two quantities coincide when the
self-consistency is reached.

The DMF'T solution for the Holstein polaron follows the
general concepts introduced for the Hubbard model with
an important simplification which comes from the fact
that we consider the dynamics of just a single electron.
We briefly review some key aspects and for details we
refer the reader to Ref. [S1].

The self-energy for the polaron impurity, which is cou-
pled to the reservoir by the bare propagator Gp(w), can
be simply expressed in a form of the continued-fraction
expansion (CFE), which is in a sharp contrast with the
Hubbard model where the numerical solution of the An-
derson impurity model is the most difficult step. Here,
the self-energy at T' = 0 is simply given by

S(w) = s

292

Gal(w — 2wq) — Ggl(j%;o)—

(s1)
(For a derivation and generalization to T > 0 see
Ref. [S1].) This expansion has an infinite number of
terms and in practice it needs to be truncated. In order
to understand which condition needs to be fulfilled for a
truncation, we will look at the diagrammatic expansion
of the self-energy.

Ggl(w —wp) —

For a single electron (i.e. in the zero density limit) the
Feynman diagrams of the self-energy consist of a single
electron line accompanied by the lines that describe the
emission and the absorption of phonons. There are no
bubble diagrams and hence there is no renormalization
of the phonon propagator. As an illustration, a dia-
grammatic expansion over Go(w) up to the order g* is
shown in Fig. S2. These diagrams are included if we
keep the terms up to the second stage in the CFE.

There are two important implications from this dia-
grammatic expansion. First, if we keep in the expansion
terms up to the order g2V then only the phonon states
|n) with n < N appear as intermediate states. There-
fore, since the importance of the multiphonon effects

can be estimated by the parameter o = g% /w3 [51], we
need to keep N > o? terms in the CFE. Second, we
see that the vertex corrections (involving the phonons
on the same site in the real-space representation [55])
are included in the DMFT solution. This should be
contrasted with the self-consistent Migdal approxima-
tion (SCMA) which completely neglects the vertex cor-
rections in the self-energy. However, we note that one
should be careful in making a direct comparison to the
SCMA, since the DMFT diagrams are expanded using
G, unlike the SCMA.

B. Numerical implementation of the DMFT loop

We will now discuss step by step the self-consistency
loop shown in Fig. S1. The DMFT loop starts by guess-
ing the solution for the free propagator Go(w). Better
guesses lead to fewer number of iterations, so depend-
ing on the parameter regime we take Go(w) to be either
the Green’s function in the Migdal approximation (S20)
or the Green’s function in the atomic limit (525), since
both of these expressions are analytically known. They
correspond to the cases of very weak coupling and van-
ishing hopping, respectively. Next, the self-energy %(w)
is calculated using the impurity solver (S1) and its gen-
eralization to finite temperatures [S1]. In practice these
are implemented using the recursion relations, which at
finite temperature read as:

P(w) = Gyt (w) - G (), (522)

Gw) = 2 Go‘l((l ; e_;;o/f()e)_nw;;; @)’ (S2b)

A = Gyl (w+ <p(-t ;z)i— AT B0
n 2

PP = G <(p : f)ofo;)ﬁ 57

AP (@) =0, B(w) =0. (52¢)

Quantities A%p ) and ng ) are determined recursively,
starting from (S2e) and going back to (S2d) and (S2c).
Then, G(w) is calculated using (S2b), which enables us
to use Dyson Eq. (S2a) to obtain ¥(w). For T' = 0
the equations simplify and the self-energy can be writ-
ten as Y(w) = BSO)(W), which coincides with Eq. (S1).
The physical interpretation of the quantities in Eq. (S2)
is the following: G(w) is the interacting Green’s func-
tion of the impurity. The quantity A%O)(w) is just a
finite fraction that takes into account the emission of
phonons.  Similarly, B )(w) is an infinite continued
fraction, which takes into account the absorption of
phonons. The infinite fraction B\ (w) can be calcu-

lated accurately even if we truncate it B (w) = 0,



taking N to be a number much larger than a?. The
infinite series (S2b) can also be truncated by using the
number of terms ny,q, > T /wo [S1].

Next step in the DMFT loop is calculating the local
Green’s function of the lattice using the self-energy ¥ (w)
from the impurity solver. It is calculated as

[ p(e)de
G<w)/oow—2(w)—e’ (53)

where p(e) is the noninteracting density of states. This
integral is convergent since we are integrating below the
complex pole € = w — X(w), as a consequence of the
causality Im ¥(w) < 0. However, numerical instabilities
can arise due to the fact that the complex pole can be
arbitrarily close to the real axis. Hence, the numeri-
cal integration of Eq. (S3) requires additional care. In
Sec. I B 2 we present a numerical procedure which solves
this problem. However, in the 1d case these numerical
instabilities are completely avoided since Eq. (S3) ad-
mits an analytical solution, as shown in Sec. IB 1.

Following the DMFT algorithm from Fig. S1, we now
calculate the next iteration of the free propagator using
the Dyson equation

Go™(w) = [G7H(w) + B(w)] (S4)

We check if |G§ (w) — Go(w)] < o1 (for each w), where
€tol 18 the tolerance parameter that we typically set to
€ro1 ~ 107 or smaller. If this condition is satisfied, the
DMFT loop terminates and ¥, Gy and G are found.
Otherwise, G§°V is used in the impurity solver and the
procedure is repeated until convergence is reached.

After the DMFT loop has been completed, we can use
the calculated self-energy Y (w) to find the retarded
Green’s function of our original problem

1
G = S5
k(w) = — (W) — o (S5)
The spectral function is then simply given by
1
A (w) = —;ImGk(w). (S6)

1. Self-consistency equation for the local Green’s function
in one dimension

Let us now show how the local Green’s function (S3)
can be analytically evaluated in a 1d system with near-
est neighbor hopping ty. The noninteracting density of
states reads as

ple) = w (S7)

T /AtE — 2’

where 6 is the Heaviside step function. Equation (S3)
can be rewritten using the substitution € = 2¢gsinx

1 /“ dx (38)

= dtor _. B—sinz’

G(w)

where we introduced
B = (w—X(w))/2to. (S9)

Additional substitution z = ¢** leads us to

G(w) = (S10)

1 dz
_2t07rz{ (z—20)(z—2_)

where this represents the counterclockwise complex in-
tegral over the unit circle C' and z4 = :B++/1 — B2. In
order to apply the method of residues, we first need to
find out if z4 are inside the complex unit circle |z| = 1.
Causality implies that Im 3(w) < 0 which means that
Im B > 0. In this case one can show that |z4| < 1 and
|z—| > 1, which means that only the pole at z; gives a
non-vanishing contribution to the Eq. (S10)

G(w)

—1 1
_ _ . (s
2tov1 — B? QtOB‘/l—%

In Eq. (S11) we wrote the solution in two ways. They
are completely equivalent in our case when Im B > 0,
but can otherwise give different results. Since B can be
arbitrarily close to the real axis, it is important to en-
sure additional numerical stability by requiring that the
expression for G(w) satisfies that the Im B = 0 solution
coincides with the solution in the limit Im B — 0. This
is not satisfied by the expressions in Eq. (S11), but it
can be achieved by combining their imaginary and real
parts

1 —1

—  im————
2t0aBy/1 — 2 2toav/'1 — B?

2. Self-consistency equation for the local Green’s function
in arbitrary number of dimensions

G(w) = Re (512)

Here we present a numerical procedure for the calcu-
lation of the local Green’s function (S3) for arbitrary
density of states p(e), that completely eliminates the
potential numerical singularity at e = w — X(w). This is
particularly important since the techniques presented in
Sec. IB 1 fail when the dispersion relation even slightly
changes. It is also relevant in the higher-dimensional
systems where the density of states is not necessarily
analytically know.



Let us suppose that the self-energy and the density
of states are known only on a finite, equidistant grid
wo, w1 ...wN—1, where Aw = w;11 — w;. Further, sup-
pose that the density of states is vanishing outside some
closed interval [D1, D] and that the grid is wide enough
so that there are at least a couple of points outside
that closed interval: p(wg) = ... = p(ws) = 0 and
plwny—1) = ... = p(wn—4) = 0. These are quite general
assumptions that are always satisfied in the systems we
are examining. The local Green’s function can now be
rewritten as

N—2 L+1 .
_ Z/ g((:)_e. (S13)

1=

At each sub-interval [w;,w;+1] the density of states is
only known at the endpoints, so it is natural to approx-
imate it using a linear function

p(e) =a; + bz(e — wi), (814)
where a; = p(w;), b; = (p(wit1) — p(w;))/Aw. Intro-
ducing a shorthand notation £ = w — ¥(w), we evaluate
Eq. (S13) analytically

N—2
Gw) = bi(wi — wit1)
N2
+ a; [In(§ — w;) — In(€ — wit1)]
N
+ D bi(§ = wi) In(§ — wi) — In(€ — wit1)] .-
1=0

(S15)

The first line is just a telescoping series that is vanishing

N—-2

bi(wi — wit1) = p(wo) — plwn-1) =0.  (S16)

=0

The last two lines in Eq. (S15) can be transformed by
shifting the indices i+ 1 — 4, taking into account that a
few boundary terms are vanishing and using the identity

Q; — ;-1 = (wi - wi—l)bi—l

:Z%wm — 2p(wi) + plwi-1)
Aw

Y(w))In (w

This expression now has no numerical instabilities. This
is most easily seen from the fact that it has the form
zInx which is well defined even in the limit x — 0,
where it vanishes. Of course, the results were obtained
by using the linear interpolation of the density of states.

=0

—w — D(w)). (S17)
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FIG. S3. (a) Continuous-time QMC (taken from Ref. 56)

vs. DMFT mass renormalization in 1d, 2d and 3d, with
wo = 1. (b) Comparison of the DMFT mass renormalization
on different lattices.

This is completely justified if p(e) is smooth or has
finitely many cusps. However, the presence of van Hove
singularities in p(€) may require some special analytical
treatment around them.

C. Effective mass in 1d, 2d and 3d

The DMFT mass renormalization is calculated in one,
two and three dimensions. These are then compared
to the continuous-time path-integral quantum Monte
Carlo (QMC) results from Ref. S6. In that paper it was
noted that the numerical accuracy of the QMC method
is 0.1% — 0.3%. The results are presented in Fig. S3(a).

We note that the definition of A and ~ is slightly different
than the one we gave in the main text. Here

2
g . _ Wwo

T woW/2’ w/2’
where W/2 is the half bandwidth. This coincides with

our previous definition in 1d, but gives an extra normal-
ization in higher dimensions.

(S18)
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FIG. S4. 1d vs Bethe DMFT local spectral functions.

D. Comparisons with the Bethe lattice results

In the main text we emphasized that the misconception
about the validity of the DMFT in 1d appeared since
only the DMFT results on the Bethe lattice were used in
comparisons with other methods [S7, S8]. In this section
we illustrate why such comparison is inappropriate.

The main difference in practical implementation, com-
pared to 1d, can be ascribed to the self-consistency con-
dition for the Bethe lattice (corresponding to the semi-
elliptic density of states) which can be formulated using
a simple algebraic equation [S1]

9 -1
Go(w) = (w — @G(w)) . (S19)
In Fig. S3(b) we compare the DMFT mass renormaliza-
tion on different lattices using the same half-bandwidth.
There is a clear discrepancy between the 1d and the
Bethe lattice results, in accordance with the already
mentioned earlier works.

0.2}

- L
SES20 2 4 —a-20 2 4 600
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0.0

FIG. S5. 2d vs Bethe DMFT local spectral functions.

The Bethe lattice lacks a dispersion relation since it
has no translational symmetry. Therefore in Fig. S4
we compare only the local spectral functions A(w) =
—1ImG(w) = —2Im+ Y, Gi(w) of the Bethe and 1d
lattice. For small couplings, the spectral functions re-
semble the noninteracting density of state and we find
a large discrepancy, as shown in panels (a) and (b). In
contrast, close to the atomic limit in Fig. S4(f) spectral
functions become more alike. We note that the regimes
at panels (c)-(f) are the same as in Fig. 3 from the main
text.

It is rather surprising that there is a striking agreement
between the effective mass for 2d and the Bethe lattice
as shown in Fig. S3(b), even though the noninteracting
density of states are different, Fig. S5(a). Interestingly,
we can see from Fig. S5 that the local spectral functions
become very similar already for moderate interactions.



II. WEAK-COUPLING LIMIT

In this section we introduce the self-consistent Migdal
approximation (SCMA) and use it as a benchmark for
the DMFT in the weak-coupling limit, where SCMA is
exact. More importantly, we can examine a deviation
of SCMA from DMFT for stronger couplings, which is
shown in the main text and in the following sections of
the SM.

A. Migdal approximation

The Migdal approximation [S9], as shown in Fig. S6,
is defined by taking into account only the lowest order
Feynman diagram in the perturbation expansion of the
self-energy.

q, Vn
Ek (an) = k?,Wn wk ;_:?j k’lwn

FIG. S6. Feynman diagrams of the self-energy in the Migdal
approximation

Due to its simplicity it can be evaluated analytically
Ye(w) = g2(b + 1)S(w — wo) + 9?6 S(w +wp), (S20)
where b = b(wg) = (e*o/T — 1)1 and
S(w) = (W2 —4t2)"Y? forw >0,

while the solution for w < 0 can be obtained by noting
that ImS(w) and ReS(w) are symmetric and antisym-
metric functions, respectively. However, this solution
is accurate only for very small coupling g. For larger
coupling a much better solution is obtained within the
self-consistent Migdal approximation.

B. Self-consistent Migdal approximation

Y=
L

FIG. S7. Feynman diagrams in the SCMA approximation.

In the SCMA, free fermionic propagator from Fig. S6 is
replaced with the interacting propagator, as shown in
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FIG. S8. DMFT vs. SCMA spectral functions in the weak-
coupling regime.



Fig. S7. The corresponding equation for the self-energy
can be written as

Ye(w) = g2(b + 1)G(w — wo) + 9?0 G(w + wp), (S21)

where G(w) = % >, Gi(w) is the local Green’s func-
tion. Equation (S21) needs to be solved self-consistently,
since the Green’s function can be expressed in terms of
the self-energy (via the Dyson equation).

Using the expansion with respect to the free propagator,
the formal solution for the self-energy can be written as
an infinite series of non-crossing diagrams, as shown in
Fig. S7. We see that the first term represents the Feyn-
man diagram in the Migdal approximation. It is thus
not at all surprising that the SCMA range of validity is
much larger than the one-shot Migdal approximation.

We note that the SCMA self-energy is momentum-
independent, which follows from Eq. (S21), making this
method numerically cheap.

C. DMFT vs. SCMA in the weak coupling limit

A comparison of the DMFT and SCMA spectral func-
tions in the weak coupling limit is shown in Fig. S8.
Results almost fully coincide. As the electron-phonon
coupling increases, the SCMA spectral functions starts
to deviate from the exact solution, as we see from the
main text and from the remaining part of the Supple-
mental Material.



III. STRONG COUPLING: EXACT
DIAGONALIZATION

In the strong coupling regime we can approach the solu-
tion in the thermodynamic limit by using a small num-
ber of lattice sites. In SM Sec. IV we show that for
g =2, wg = 1 we are close to thermodynamic limit by
considering a chain of just N = 4 sites. In this case
we can reach a solution using the exact diagonalization
(ED). In the following we describe our implementation
of the ED method.

We calculate the spectral function by diagonalizing
the Holstein Hamiltonian in the space spanned by the
vectors Ucz [ning...ny), where n; is the number of
phonons at site i € {1,..., N}, satisfying ) . n; < nmax,
while U is the unitary operator of the Lang-Firsov trans-
formation [S10] given as

poediSidald) (o)

Both N and ny,ax need to be increased until convergence
is reached. The spectral function is then calculated as

1 _
() = o e S 6w+ By — B plexle)
» c

(523)
where |p) denotes purely phononic states, the energy of
which is E),, |e) denotes the states with one electron and
arbitrary number of phonons, the energy of which is F,
and Z, = Zp e~ B> is the phononic partition function.
We found that convergent results for the spectral func-
tion when ¢ = 2, wg = 1, N = 4 could be obtained
for nmax = 16. The results are shown in Figs. S16-
S21, as well as in Figs. 2(b) and 3(e)-(f) of the main
text. The spectral functions at k points different than
k= %’Ti, i € {0,..., N — 1} were obtained by employing
so-called twisted boundary conditions, that is by chang-
ing the terms in the Hamiltonian tOCICi+1 — toei‘i’c;rciﬂ
and toc;rHci — toe_i‘bc;u_lci. The spectral function ob-
tained from such a modified Hamiltonian corresponds
then to the spectral function at k + ¢.



IV. FINITE-SIZE EFFECTS AND HEOM
DEPTH

The numerically exact HEOM, QMC and ED methods
are implemented on a 1d lattice of length N. Results
which are representative of the thermodynamic limit can
be obtained by taking large enough N. Furthermore,
the hierarchy of HEOM needs to be truncated using
sufficient depth D. In the ED method the number of
phonons in the Hilbert space need to be specified. All
of these parameters should be as large as possible, but
the practical numerical implementation is restricted by
the available computer memory. Finite-N and finite-D
analysis was performed in all parameter regimes where
we have HEOM results. In Figs. S9, S10, and S11 we
briefly illustrate such analysis in the intermediate and
strong coupling regime.

The optimal value of D strongly depends on the interac-
tion strength and temperature. For large interaction we
need large D since many phonon states are populated
even at T = 0. Similarly, larger temperature also re-
quires larger HEOM depth. As illustrated in Fig. S9(a)-
(b), for wg =1, g = 1 the convergence is nearly reached
already for D = 6. For g = v/2 (Fig. S10(a)-(b)), we
need slightly larger D. However, in the strong-coupling
regime for g = 2 we need much larger D, and from a
comparison with the ED results for N = 4 in Fig. S11
we can conclude that the HEOM result has rather well
converged only for D = 17. We can also observe that the
results at k£ = 0 typically converge faster with respect
to D than the results at k = .

The value N for which the spectral functions correspond
to those in the thermodynamic limit also depends on the
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< i k
A N
-4 -2 0 0
6r ___ HEOM || — n=6
’54- L TT N=10
= an DMFT HEOM f\
< N=10
2r DMFT
N=6 vy,
0 \ N, ¢ | WA ¥V
- -2 0 0
w

FIG. S9. Finite-N and finite-D effects in the HEOM
method at intermediate coupling wo =1, g = 1, T = 0,
which is the same regime as in Fig. 2(a) of the main text.
Here we use Lorentzian broadening with n = 0.05.
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FIG. S10. Finite-N and finite-D effects in the HEOM at

intermediate coupling wo = 1, g = v/2, T' = 0, which is the
same regime as in Fig. 2(c) of the main text. Here we use
Lorentzian broadening with n = 0.05.

parameter regime: for larger interaction g and for higher
T the chain length N can be smaller, while for smaller g
and lower T' we need larger N. In panels (c¢) and (d) of
Figs. S9 and S10 we see that for intermediate coupling
there is some difference in spectral functions for N = 6
and N =10 (N =8). At k = 0 it is particularly visible
in the first satellite structure for ¢ = 1. Remarkably,
the DMFT on a finite lattice N = 6 (N = 10) pre-
dicts very similar satellite structure as HEOM for the
same N. This indicates that the correct satellite peak
in Fig. 2(a) of the main text should be closer to DMFT,
while HEOM results have some artefacts because of the
finite lattice size. On the other hand, for ¢ = 2 it is
enough to set N = 4, as we now demonstrate.

It is very efficient to analyze the finite-size effects us-
ing the DMFT applied on a finite system with NV sites.
This is very simple to implement in the DMFT loop.
The only difference is in the self-consistency equation:
instead of the integral over the density of states, the lo-
cal Green function is obtained as an average over the k
vectors

1N

Glw) = ; Gr, (w). (S24)
We can see from Fig. S12 that there is very little dif-
ference between N = 4, N = 6 and thermodynamic
limit for ¢ = 2, wy = 1. We showed only the results
for T = 0.4, but we checked that the conclusions re-
main true even for 7" = 0. Therefore, setting N = 4 in
HEOM and ED calculations is enough. This left enough
computer memory to use large D = 17 in HEOM calcu-
lations. Then all three methods give very similar spec-
tral functions as seen in Fig. S11.

Fig. S13 shows the DMF'T finite-size effects close to the
atomic limit, both for the spectral function Ay (w) and



for the self-energy ¥(w). The spectral functions are not oL — nee | — ni6 11.5
strongly N-dependent. On the other hand, the details :(a) - N=8 N=8 (b)
of the self-energy are much more sensitive to finite-size 5 N=o N=o -1.0’3‘
effects. Finite N results show a kind of a stripe pattern, = 1- k=0lk=mn =
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FIG. S11. Finite-N and finite-D effects in the strong cou-
pling regime wo = 1, ¢ = 2, T' = 0.4, which is the same
regime as in Figs. 3(e)-(f) of the main text. ED spectral func-
tions (N = 4) are shown using Lorentzian broadening with
n = 0.05, while other methods are shown without broaden-
ing. DMFT results are in thermodynamic limit.
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FIG. S12. DMFT spectral functions for different N.



V. ATOMIC LIMIT

Here we investigate the DMFT solution close to the
atomic limit. For decoupled sites (ty = 0), using the
Lang-Firsov transformation [54, |, the Green’s func-
tion at T' = 0 is given by

2
2n ,—a« 1

Glw) =3

n=0

$25
w—nwo — B, + 0"’ (S252)

and at T'> 0
~ I, (2a2 b6+ 1))

Z w—nwy — Ep +i0F

n=—oo

G(w) _ e—(2b+1)a2+nwo/2T.

(S25b)
Here E, = —g?/wp is the ground-state energy, I, are
the modified Bessel functions of the first kind and
b = blwo) = (e*o/T — 1)~ We see that the atomic
limit spectrum consists of a series of delta functions at
a distance wg from each other. At T = 0 the lowest
energy peak is at w = E,, which corresponds to the
ground-state (polaron) energy. At finite temperatures
more delta peaks emerge even below the polaron peak.

The integrated DMFT spectral weight at T = 0 is
shown in Fig. S14 and compared to the exact atomic
limit. It was calculated using the numerical procedure
introduced in Sec. X. I(w) features jumps at frequencies
where A(w) has peaks and the height of those jumps is
equal to the weight of the peaks. Nonzero hopping in
the DMF'T solution introduces small momentum depen-
dence of I (w), which is why Fig. S14 shows the result
averaged over all momenta. A more detailed comparison
is presented in Table S1. It shows the numerical values
of the DMFT I(w) at the positions of delta peaks (for a
given k and averaged over many k) in comparison with
the analytical ¢ = 0 result from Eq. (S25a). These
delta peaks, positioned at nwg + Ep, have the weights
equal to a?"e*" /nlforn=0,1...

For T > 0, the peaks are located both below and
above E,. The DMFT spectra averaged over k
are shown in Fig. S15. They have a characteris-
tic fork-shaped form at low T, which is the con-
sequence of the 1d density of states. The weight
of the peaks are very close to the analytical re-
sult I, (202/b(b + 1))e~(2b+1e’+nwo/2T  Thege spec-
tral weights, averaged over momenta k, are given in Ta-
ble S2.
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FIG. S14. DMFT integrated spectral weight for to = 0.05
(shaded) and top = 10 (red dashed line) averaged over all
momenta, I(w) = & >, [ Ax(v)dv, in comparison to the
exact to = 0 result (blue solid line).

TABLE S1. Integrated spectral weight I(w) for wo = 1,
g =1at T = 0. The exact atomic limit corresponds to
to = 0.00. For t, = 10~% the DMFT solution has no k-
dependence within the specified accuracy. We denote the k-
values to be ’av.’ if the answer is averaged over all momenta.

k “l 2 -1 0 1 2 3
lo
0.00 {0.00 0.37 0.74 0.92 098 1.0
all [ 107°10.00 0.37 0.74 0.92 0.98 1.0
av. | 0.05 {0.00 0.37 0.73 092 0.98 1.0
0 0.05 {0.00 0.40 0.76 0.94 0.99 1.0
7T/2 0.05 {0.00 0.37 0.74 0.92 098 1.0
T 0.05 {0.00 0.33 0.71 0.91 0.98 0.99
35
30!
T 4
25k~ [ | l l l A A
l T=1.2
—~ 20+~ [ | l l A A
3 ' I i
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FIG. S15. DMFT spectral functions A(w) = % >, Ak(w)
for wo =1, g = 1, to = 0.05, at several temperatures.



TABLE S2. Spectral weights of the peaks located at w =

nwo + Ep for n = —2,-1,0,1,2,3. The DMFT spectra,
obtained for to = 0.05, are averaged over k. The atomic
limit values (to = 0.00) are obtained from the analytical

formula. Here wo =1, g = 1.

T[Nl —=2 -1 0 1 2 3
Lo
0.4] 0.00 [0.03 0.34 0.35 0.19 0.07 0.02
0.4] 0.05 [0.03 0.34 0.34 0.18 0.07 0.02
0.6] 0.00 [0.06 0.30 0.33 0.19 0.08 0.02
0.6] 0.05 [0.06 0.30 0.33 0.19 0.08 0.02
0.8] 0.00 [0.09 0.27 0.30 0.19 0.09 0.03
0.8]0.05 [0.09 0.27 0.30 0.19 0.09 0.03
1.0 0.00 [0.10 0.25 0.28 0.19 0.09 0.04
1.0] 0.05 [0.10 0.25 0.28 0.19 0.10 0.04
1.2/ 0.00 [0.11 0.23 0.26 0.19 0.10 0.04
1.2/ 0.05 [0.11 0.23 0.26 0.19 0.10 0.04
1.4/ 0.00 [0.12 0.21 0.24 0.19 0.11 0.05
1.4]0.05 [0.12 0.21 0.24 0.19 0.11 0.05




VI. SPECTRAL FUNCTIONS AT T = 0:
ADDITIONAL RESULTS

Spectral functions and integrated spectral weights at
T =0 for £k = 0 are shown in Fig. 2 of the main text.
In Figs. S16 - S18, we show the results for additional
momenta. We note that the integrated spectral weight
was calculated without broadening, using the numerical
scheme described in Sec. X. The spectral functions are
shown with a small Lorentzian broadening 7,

An(w):l/oo dy— AW

ey O
We see that there is a very good agreement between
DMFT and HEOM/ED results. In every regime where
HEOM was implemented, we checked that the results
were well converged with respect to the lattice size N
and the maximum hierarchy depth D. These values are
shown in Table S3.

We note that the HEOM/ED method imposes the peri-
odic boundary conditions on a finite lattice. This means
that the HEOM/ED spectral functions are available
only for a discrete values of momenta, unlike the DMFT
which is calculated in the thermodynamical limit. Re-
sults for additional k-values are obtained using twisted
boundary conditions.
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FIG. S16. Integrated spectral weight at 7' = 0 with

no broadening. The insets show spectral functions with

n = 0.05 Lorentzian broadening. Different panels have the
8w ™

following values of the momenta: (a) k= 5%, (b) k= 7, (c)
E=7%,(d) k=%
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FIG. S17. Integrated spectral weight at T = 0 with
no broadening. The insets show spectral functions with
n = 0.05 Lorentzian broadening. Different panels have the
following values of the momenta: (a) k = 2%, (b) k = 2,

(c) k=3%, (d) k= 2=.
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FIG. S18. Integrated spectral weight at T = 0 with

no broadening. The insets show spectral functions with
n = 0.05 Lorentzian broadening. Every panel is calculated
for k = 7.

TABLE S3. Lattice size N and the maximum hierarchy
depth D used in the HEOM calculations which correspond
to Figs. S16-S18 and Fig. 2 from the main text.

Parameters N D
wp=1 ¢g=1 10 6
wo=1 ¢g=+2 8 7
wo=3 g=+12 6 9




VII. SPECTRAL FUNCTIONS AT T > 0:
ADDITIONAL RESULTS

Spectral functions for k = 0 and k = 7, shown in Fig. 3
of the main text, are supplemented with the results for
different k in Fig. S19. Overall, the agreement of DMFT
and HEOM/ED spectra is very good which confirms
that the nonlocal correlations are not pronounced. Re-
sults for different temperatures are shown in Figs. S20
and S21. We checked that the HEOM results are well
converged with respect to lattice size N and maximum
hierarchy depth D. The values of N and D, used in the
calculations, are shown in Table S4.

TABLE S4. Lattice size N and the maximum hierarchy
depth D used in the HEOM calculations which correspond
to Figs. S19 - S21 and Fig. 3 from the main text.

Parameters N D
wp=1g¢g=1 T7=07 10 6
wp=1g= T=1 10 6
wo=1g=v2 T=04 8 8
wo=1g=v2 T=06 8 7
wo=1¢g=+v2 T=08 8 7
wy=1 g= T=04 4 17
wo=3 g=V12 T =1 6 9

It is common to present the spectral functions as color
plots in the k —w plane. In Fig. S22 we show the DMFT
color plot for parameters as in Figs. S19 - S21. For com-
parison purposes, in Fig. 523 we also show the DMFT
color plot for the same parameters as in the finite-T’
Lanczos results from Fig. 2 of Ref. [S11]. Small differ-
ence in DMFT vs. Lanczos method color plots is due to
the more pronounced peaks in the DMFT spectra.

FIG. S19. HEOM, DMFT, SCMA and ED spectral functions
for different parameters. On the left panels 7/4 < k <
/3, whereas /2 < k < 37w /4 on the right. The integrated
spectral weight is presented in the insets without broadening.
In panels (g) and (h) Lorentzian broadening with n = 0.05
is used for all spectral functions, while only ED is broadened
in (e) and (f) using the same 7.



FIG. S20. HEOM, DMFT, SCMA and ED spectral functions
for different parameters. On the left panels k& = 0, whereas
k = m on the right. The integrated spectral weight is pre-
sented in the insets without broadening. The Lorentzian
broadening with 17 = 0.05 is used only for ED spectral func-
tions.
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FIG. S21. HEOM, DMFT, SCMA and ED spectral functions
for different parameters. On the left panels 7/4 < k <
/3, whereas /2 < k < 37w /4 on the right. The integrated
spectral weight is presented in the insets without broadening.
The Lorentzian broadening with 17 = 0.05 is used only for
ED spectral functions.



(wo,9,T)=(1,1,0.7) (Wo,9,T)=(1,1,1)
(b)

0,9, T) = (1,72, 04
kO

FIG. S22. The DMFT spectral functions A (w) for param-
eters as in Figs. S19 - S21. The same color coding is used in
all plots.
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i (wo,0,T)=(1,V2,0.1

A (w0, 9, T) = (0.5, 1,0.05)

Pl (wo, 9, T) = (0.5, 1, 0.25)
f

FIG. S23. The DMFT spectral functions Ay (w) for param-
eters as in Fig. 2 of Ref. [S11]. The same color coding is used
in all plots.



VIII. HEOM SELF-ENERGIES

The results for the spectral functions, as well as for
the effective mass and ground state energy, have shown
that the DMFT gives an excellent approximate solu-
tion of 1d Holstein model in the whole parameter space.
This indicates that the self-energy is approximately lo-
cal which we explicitly demonstrate in this Section.
Since ¥j(w) = Y_g(w) we will show only the results
for k > 0.

In Fig. S24 we present the HEOM and DMFT self-
energies in the intermediate coupling regime. Panels
(a) and (b) of Fig. S24 show that the self-energies are
nearly local, whereas the DMF'T solution interpolates in
between. The self-energy is approximately local also for
g = /2, Fig. S24(c)-(d). There is a visible discrepancy
only at higher momenta, which reflects in a shift of the
spectral functions with respect to the DMFT solution
in Fig. 3d of the main text.

The results for the strong coupling are presented in
Fig. S25. The DMFT solution for ImY falls to zero
between the peaks, as opposed to the HEOM solution
where such behavior is observed only for the first few
peaks. This is why, for the sake of clarity, the DMFT
self-energy is omitted. This is consistent with Fig. S11
where the HEOM results feature the dips, while DMFT
solution has gaps. Nevertheless, the presented HEOM
results are enough to conclude that the self-energy is
nearly local. This is particularly important conclusion
since these parameters correspond to strongly renormal-
ized effective mass, m*/m = 10.

The regime close to the atomic limit is investigated in
Fig. 526. Panels (c¢) and (d) show that the results are

4
k=12
_ZXi
(d) 0
0 4
w

FIG. S24. HEOM and DMFT self-energies for intermediate
coupling.
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FIG. S25. HEOM self-energies for strong coupling. Here
N =4and D =17.

FIG. S26. Panels (a) and (b) show HEOM and DMFT self-
energies close to the atomic limit wo = 3, g = V12, T = 1.
Panels (c)-(d) show the same HEOM results as in (a)-(b)
but shifted for different values of momenta k.

nearly local, but have a kind of stripe pattern, unlike the
DMFT solution which is in thermodynamic limit. This
is here just a consequence of the finite-size effects, as



shown in Fig. S13. As discussed in Sec. IV, even though
the finite-size effects are visible as stripes in the self-
energies, they will not significantly affect the spectral
functions. This is why we see a very good agreement
between the DMFT and N = 6 HEOM spectral func-
tions in panels (g) and (h) of Fig. 3 in the main text.

18



IX. CORRELATION FUNCTIONS

Here we present a detailed comparison between QMC,

HEOM and DMFT correlation functions. The QMC
correlation function is defined by
Cr(7) = {ex(T)cf) T, (527)

where ¢, (1) = e™Hepe™™ and 0 < 7 < 1/T. In
Sec. XID we proved the following relation
o0
Cu(r) = / do =" Ay (w). (S28)
— 00
Eq. (S28) can now be used to check whether the spec-
tral functions that we calculated using other methods
are consistent with the QMC results. A calculation of
the spectral functions from the QMC data would as-
sume an analytical continuation which is an ill-defined
procedure, particularly problematic when the spectrum
has several pronounced peaks. Therefore, we have to
settle for a comparison on the imaginary axis.

Fig. S27 shows the imaginary time QMC, DMFT and
HEOM correlation functions and their deviation from
the QMC result, for parameters as in Fig. 4 of the main
text. We see that the deviation is very small, the rel-
ative discrepancy being just a fraction of a percent at
T = 1. The discrepancy between the DMFT and QMC
increases at lower temperatures when the nonlocal cor-
relations are expected to be more important, but it re-
mains quite small even at T' = 0.4. As we can see, the
DMFT gives better results at k = 0 than at k = 7.

In Fig. S28 we present the correlation function compari-
son over a broad set of parameters. The DMFT, HEOM
and QMC are in excellent agreement, with the relative
discrepancy of the order of one percent for 7 ~ 1/T.
The SCMA results are also included for comparison.

From Eq. (S28) we see that the correlation function
unevenly treats different frequencies from the spectral
function. Because of the exponential term, it takes into
account low-frequency contributions with much larger
weight. Thus, the correct DMFT and HEOM predic-
tions about correlation function reveal that the low-
frequency parts of the corresponding spectral functions
behave appropriately and fall off fast enough. This is
very important property for calculating quantities where
the low-frequency part gives large contribution to the
result, which would be the case for optical conductivity.

Let us now estimate how much a Gaussian centered at
frequency a,

W _(w-a?

e 202

oV 2w ’

would contribute to the correlation function. Here W
is the spectral weight and o is the standard deviation

AR (W) =

(S29)
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FIG. S27. DMFT, HEOM and QMC correlation functions
forwo =1, g = V2 at k =0 and k = 7 at several tem-
peratures. The right panels show the relative discrepancy
between DMFT and HEOM results with respect to QMC.

of the Gaussian. This could model a tiny peak present
due to the noise, or a real physical contribution. The
corresponding part of the correlation function C’,f can
be singled out since Eq. (S28) is linear in Aj. It can be
evaluated analytically, giving

—aT

2_2
CE(r)=We™= (S30)
We see that the spectral weight contributes linearly,
while the position of the delta peak contributes expo-
nentially (note that a can be negative). The width of
the Gaussian o, as well as the imaginary time 7, are
quadratic inside the exponential. Hence, Eq. (S30) ex-
plicitly shows that precise calculation of the correlation
function requires very accurate spectral functions at low
frequencies. Even a small error or noise can produce a
completely wrong result. Reliable comparison of Cy(7)



was made possible only due to the high precision of both
DMFT and HEOM calculations.
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X. TECHNICAL NOTE: NUMERICAL
CALCULATION OF THE INTEGRATED
SPECTRAL WEIGHT

We describe a numerical scheme for calculating the in-
tegrated spectral weight. Integrated spectral weight is

defined as
(w) z/ Ag(v)dv

where Ag(v) is the spectral function. Straightforward
numerical integration of Eq. (S31) can sometimes lead
to the conclusion that the spectral sum rule I (c0) =1
is violated. This happens because the numerical repre-
sentation of Ag(v) on a finite grid does not detect the
possible presence of delta function peaks without intro-
ducing artificial broadening. This is why our numeri-
cal scheme calculates Iy (w) directly from the self-energy
Y(w).

Let wus suppose that the self-energy data
{¥0,21...Xn_1} are known on a grid {wp,w;...wn_1}.
The integrated spectral weight can then be rewritten as

wi
Ik(wl) = —7Im/ L 7616

“at1 dv
——Im ST —
Z 5 S0 o

(S31)

Q

(S32)

The delta peaks in Eq. (S32) occur whenever our subin-
tegral function is (infinitely) close to the singularity, i.e.
when Im¥(v) - 0~ and v — ReX(v) — e &~ 0. These
are most easily taken into account by using the linear
interpolation of the denominator in Eq. (S32) and eval-
uating the integral analytically

Watl dv
I (w ——Im
() = Z/ v—ep— [Sg+ (v — wy)]
1 - 1 Wet1 — €k — 2g+1
— _71 1 q+ q
7 mz_:1—z; n[ we—th—%g |’
(S33)
where X = (3,11 — ¥g)/(wg41 — wg). In the last line

of Eq. (S33) we used that Inaz — Iny = In(z/y), which
holds since Im3¥, < 0 (for every q).

In the limit when Aw,; = wy41 — wy is small, Eq. (S33)
predicts that the contribution which corresponds to the
interval (wq,wq+1) is equal to

1 1
T1-0.%

e (S34)

Wq+1—Wq

22

if the interval contains a delta peak, whereas it is

Ll {Awq]
™ Wq — €k — g

otherwise. The analytical result for the contribution of
the delta peak coincides with Eq. (S34), while Eq. (S35)
is exactly the term we would get using the standard Rie-
mann sum. Having in mind that the Riemann sum ap-
proach is completely justified in the absence of delta
peaks, we conclude that the integration scheme pre-
sented in Eq. (S33) is perfectly well-suited for the cal-
culation of the integrated spectral weight.

(S35)



XI. TECHNICAL NOTE: EQUIVALENCE OF
SPECTRAL FUNCTIONS FROM DIFFERENT
DEFINITIONS

Throughout this paper we compared spectral and cor-
relation functions obtained with various methods. Each
method uses different definition of the spectral func-
tion. The purpose of this Section is to show that all
of them are equivalent in the case we are considering,
which is a single electron in a system. We also present
the relation which connects the spectral function with
the imaginary-time correlation function obtained from
QMC calculation.

A. Spectral function from greater Green’s
function

In the HEOM method, the most natural starting point
is the greater Green’s function [S12]

G (t) = —i <ck (t) CL>TO.

)

(S36)

Here ¢k and CL are the electron annihilation and creation
operators, while

a (t) = el (0) e M1,

The notation (...), , denotes the thermal overage over
the space of states containing zero electrons

ey = Zo BT NS e
7,0 — —Hpn/T — 7 :
>, (pleHen/Tlp) 2y <

(S37)
Here |p) denotes the states containing no electrons and
arbitrary number of phonons, Hy;, is purely phononic
part of the Hamiltonian and Z,, is the phononic partition
function. The spectral function is now defined as

A (w) = —%ImGi ), ($38)

where

o0
GF (W) = / dt et G2 (1). (S39)
—0o0
These expressions can be cast into explicit form using
the Lehmann spectral representation (using the basis of
energy eigenstates H|n) = E,|n))

Gy () = 5= > e /Tt (plae) e (el ).
Ppe
(540)
where |e) denotes the states containing one electron and
an arbitrary number of phonons. The spectral function
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can now be obtained by taking the Fourier transform of
previous expression and using Eq. (S38)

1 _
A (@)= - ST Y 6wt By — Bl (lele)f.
p P e

(S41)

B. Spectral function from retarded and
time-ordered Green’s function

In the DMFT/SCMA, we can start from the time-
ordered Green’s function [S1] with just a single electron
inserted into the system
G (t) = —i(Texe(t)el ). (S42)
As in the case of the greater Green’s function, here we
average only over the phonon degrees of freedom. This
means that (S42) gives nonvanishing contribution only
fort >0
Gie(t) = —ib(t){c(t)cl)r.o- (S43)
In our case of a single electron in the system, this co-
incides with the retarded Green’s function. Ref [S1]
explains in detail how is this connected to the polaron

impurity problem. Now, the spectral function can be
obtained as

Ak (w) = —%ImGk (w), (S44)

where

Gk (w) = lim dt @Ot Gy (t) .

S45

e—=0t ) _»o ( )
Let us now check whether the definitions of spectral
functions from Secs. XI A and XIB are in agreement
with one another. This can be easily checked by utilizing
the Lehmann spectral representation

Che () = Zzep(t) 2 e eI | pladell

(546)
The spectral function is now obtained by performing
the Fourier transform, using Eq. (S44) and the Plemelj-
Sokhotski theorem Im lim,_,q+ ﬁ = —7d (z). We ob-
tain the result which coincides with (S41). Furthermore,
these results also coincide with Eq. (S23). This confirms
that all of these approaches are consistent with one an-
other.



C. Spectral function from grand canonical
ensemble

It is also quite common to work within the grand canon-
ical ensemble, not restricting ourselves explicitly to a
single electron in a system. Here we use the usual defi-
nition of the retarded Green’s function

G (1) = —if (1) <{ck (t) ,CL}> ,

i (S47)

where

cx(t) = eBlee KL (548)
K = H — uN and N being the electron number oper-
ator. The notation (... )7 denotes the average value in
the grand canonical ensemble and {, } is the anticommu-
tator. The spectral function is obtained by substituting
Gy (t) from (S47) into Egs. (S45) and (S44). A more
explicit form can be obtained using the Lehmann spec-
tral representation (using the basis of energy eigenstates
K]n) = K, |n))

1
Ac(w) = D2 e [ malelng) 8 (K, = Ky +)

2
+ | (alefina)| 0 (B, = Ky +w)]
(S49)

where Z = Tr(e™#%) is the partition function. Let us
now consider what happens in the case we are interested
in, which is the zero density limit. This corresponds to
m— —00.

We note first that the dominant terms in the partition
function Z in this limit are from the states with zero
electrons

7= P =Y e = 7,
n P

The states containing a larger number of electrons in-
troduce an additional term e?*"V which is exponentially
small when y — —oo. Consequently, we have shown
that Z from Eq. (S49) is the same as Z, from Eq.
(S41) in the limit p — —oo.

Next, we consider the sum in Eq. (S49). Due to the
e~ PKn1 factor, the dominant contribution to the sum
over np comes from the states |n;) containing zero elec-
trons. The states containing a larger number of elec-
trons introduce an additional term e®*N which is ex-
ponentially small when g — —oo. Therefore, the sum
over n in Eq. (S49) can be replaced by a sum over p,
where |p) denote the states containing no electrons. The
second term containing <7’l1|CL"fL2> in Eq. (549) is then

(S50)
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zero, while the first term containing (ni|ck|ns) is differ-
ent from zero only when |ns) is the state containing one
electron. The sum in Eq. (549) then reads as

1
Ag (w) = Z, ; e P | <p|ck|6>|2 O (Kp— Ke+w),
(Sh1)
We further note that the last equation can be also ex-
pressed in the form

A —p) = 5= 3¢ [ {pleale) 6 (B, — E+ ).
Zy =

(S52)
The right hand side in previous equation coincides with
Eq. (S41). This proves that the spectral function within
the grand canonical formalism needs to be considered in
the limit p — —oo and also the result needs to be shifted
Ax(w) = Ax(w — p) if we want our result to coincide
with Eq. (S41).
All of these results give us to flexibility to work within
different formalisms knowing that all of them give the
same result. Hence, we proved that the definitions of
spectral functions within HEOM, DMFT, SCMA and
ED are all in agreement.

D. Relation between the spectral function and
imaginary-time correlation function

In QMC we calculate the quantity

Cie(7) = (ex()el) 70, (S53)

where

H —TH

k(1) =€ ke (S54)

Again, using the Lehmann spectral representation in
Eq. (S53) we get

1 _ (B
Culr) = 5 D e *5 | plawde) e B =P (855)
p p.e

By performing straightforward integration, one then
finds from Eqs. (S41) and (S55)

Ck(’r) = /Oo dw 67WTAk(w). (856)

—00
This proves Eq. (528), which connects the correlation
functions from QMC with spectral functions, obtained
from other methods.
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Cumulant expansion in the Holstein model: Spectral functions and mobility
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We examine the range of validity of the second-order cumulant expansion (CE) for the calculation of spectral
functions, quasiparticle properties, and mobility of the Holstein polaron. We devise an efficient numerical
implementation that allows us to make comparisons in a broad interval of temperature, electron-phonon coupling,
and phonon frequency. For a benchmark, we use the dynamical mean-field theory which gives, as we have
recently shown, rather accurate spectral functions in the whole parameter space, even in low dimensions. We
find that in one dimension, the CE resolves well both the quasiparticle and the first satellite peak in a regime of
intermediate coupling. At high temperatures, the charge mobility assumes a power law p o< T2 in the limit of
weak coupling and p o< T~3/2 for stronger coupling. We find that, for stronger coupling, the CE gives slightly
better results than the self-consistent Migdal approximation (SCMA), while the one-shot Migdal approximation
is appropriate only for a very weak electron-phonon interaction. We also analyze the atomic limit and the spectral
sum rules. We derive an analytical expression for the moments in CE and find that they are exact up to the fourth
order, as opposed to the SCMA where they are exact to the third order. Finally, we analyze the results in higher

dimensions.

DOI: 10.1103/PhysRevB.107.125165

I. INTRODUCTION

The cumulant expansion (CE) method presents an alterna-
tive to the usual Dyson equation approach in the calculation
of spectral functions of interacting quantum many-particle
systems [1]. In this method, we express the Green’s function
in real time as an exponential function of an auxiliary quantity
C(t), called the cumulant, which can be calculated perturba-
tively [2]. In the late 1960s, it was established that the lowest
order CE gives the exact solution of the problem of a core hole
coupled to bosonic excitations (plasmons or phonons) [3,4].
While there were early papers that emphasized the potential
role of CE as an approximate method to treat the elec-
tronic correlations in metals beyond the GW approximation
[5-8] and the electron-phonon interaction in semiconductors
and narrow band metals beyond the Migdal approximation
(MA) [9-11], a surge of studies of CE has appeared only
recently.

Renewed interest has emerged due to the possibility of
combining CE with ab initio band-structure calculations. The
CE for the electron-phonon interaction was used to obtain
the spectral functions of several doped transition-metal oxides
[12,13], showing a favorable comparison with angle-resolved
photoemission spectroscopy [14]. A particularly appealing
feature of the CE approach is that it describes the quasipar-
ticle part of the spectrum as well as the satellite structure
(sidebands). Combining the CE with the Kubo formula for
charge transport gives an attractive route to calculate mobility
in semiconductors beyond the Boltzmann approach, which
is applicable only for weak electron-phonon coupling [15].
This was very recently demonstrated for SrTiO; [16] and
naphthalene [17]. CE was also applied to elemental metals
where a correction to the standard MA is discussed [18].
Similarly, the CE is successfully used to treat the electronic
correlations beyond the GW approximation [19-25]. Further-

2469-9950/2023/107(12)/125165(19)

125165-1

more, CE was used to study absorption spectra in molecular
aggregates representative of photosynthetic pigment-protein
complexes [26-28].

Despite the wide use of the lowest order CE, there seems
to be a lack of studies establishing its range of validity,
which represents the central motivation for this paper. To
achieve this, we turn to simplified models of the electron-
phonon interaction. CE for the Frohlich model [29,30] gives
the ground-state energy and the effective mass similar to
the exact quantum Monte Carlo calculations for moderate
interaction [31]. This is in contrast to the Dyson-Migdal
approach, which severely underestimates mass renormaliza-
tion. A comparison of the corresponding spectral functions
is, however, missing, since reliable quantum Monte Carlo
results are not available due to the well-known problems with
analytical continuation. The Holstein polaron model gives a
unique opportunity to explore the applicability of the CE since
various numerically exact methods are developed and applied
to this model covering different parameter regimes [32—49].
This was the approach of a very recent work by Reichman
and collaborators [50,51]. Still, there are several questions
that remained unresolved. Most importantly, a comparison of
spectral functions was made just for a small set of parameters
on a finite-size lattice, where the benchmark spectral functions
were available from the finite-temperature Lanczos results,
while the charge transport was not examined.

In our recent work [52], we established that the dynamical
mean-field theory (DMFT) [53] gives close to exact spectral
functions of the Holstein polaron for different phonon fre-
quencies, electron-phonon couplings, and temperatures even
in low dimensions, covering practically the whole parameter
space. This method is computationally very fast and precise,
which makes us ideally positioned to perform comprehen-
sive comparisons with the CE method, which is the goal of

©2023 American Physical Society
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this paper. Within the CE, we calculate the spectral func-
tions and charge mobility for a broad set of parameters and
make detailed comparisons with DMFT and (self-consistent)
MA. We find that the one-shot MA is appropriate only for
very weak electron-phonon coupling. The validity of the CE
and self-consistent Migdal approximation (SCMA) is much
broader and for intermediate interaction CE even outperforms
SCMA. We also derive analytical CE expressions for the
ground-state energy, renormalized mass, and scattering rate
as well as the spectral sum rules, and make comparisons
between the methods. We establish a power-law behavior for
the charge mobility at high temperatures. We also compare the
performance of different methods as the bandwidth is reduced
toward the atomic limit.

The remaining part of the paper is organized as follows.
In Sec. II, we introduce the CE method and present details of
its implementation on the Holstein model. DMFT and SCMA
are here introduced as benchmark methods. Representative
spectral functions are shown in Sec. III from weak toward
the strong coupling. The high-temperature and atomic limits
are analyzed in detail, as well as the spectral sum rules. In
Sec. IV, we present the results for the effective mass and
ground-state energy. The temperature dependence of the elec-
tron mobility is analyzed in Sec. V, and Sec. VI contains our
conclusions. Some details concerning numerical implementa-
tions and additional figures for various parameters are shown
in the Appendix and in the Supplemental Material (SM) [54].

II. MODEL AND METHODS

The Holstein model is the simplest model of the lattice
electrons interacting with the phonons. It assumes a local
electron-phonon interaction and dispersionless phonons. The
Hamiltonian is given by

H=—1 Z(cjcj +H.c.)
(ij)

—g) mla] +a)+ o) dla. )

Here, t; is the hopping parameter between the nearest neigh-
bors and wy is the phonon frequency. ¢; and g; are the electron
and the phonon annihilation operators, n; = c?c;, and g de-
notes the electron-phonon coupling strength. We set 7, kg,
elementary charge e, and lattice constant to 1. We also often
use a parameter @ = g/wy. We study the model in the thermo-
dynamic limit (number of sites N — 00). Furthermore, we
consider a dynamics of a single electron in the conduction
band and treat the electrons as spinless, since we are interested
only in weakly doped semiconductors. This is equivalent to
setting the chemical potential far below the conduction band,
i.e., considering the limit i — —oo. This case is often re-
ferred to as the Holstein polaron problem. We mostly focus
on the one-dimensional (1D) system, but we also consider the
system in 2D and 3D.

A. Cumulant expansion
1. General theory

The central quantity of this paper is the electron spectral
function Ag(w) = (—1/7)ImGk(w), where k is the momen-

tum and Gy (w) is the retarded Green’s function in frequency
domain [1]. Its exact evaluation is often a formidable task,
which is why approximate techniques are usually employed.
One needs to be careful with such approaches not to violate
some analytic properties, such as the pole structure of the
Green’s function, the positivity of the spectral function, or
the spectral sum rules. At least some of these properties can
be easily satisfied if the Green’s function is not calculated
directly but instead through some auxiliary quantity, such as
the self-energy Xk (w). In the latter case, the connection with
the Green’s function is established via the Dyson equation

1 1
Gro(@) ! — Ik(@) o — e — Zx(w)’
where Gy o(w) is the noninteracting Green’s function and ex
is the noninteracting dispersion relation.

An alternative to the Dyson equation based approaches is
the so-called cumulant expansion method [19], in which the

exponential ansatz is chosen for the Green’s function in the
time domain:

Gk (t) = Gy o(t)e™* ) = —if(t)e K O, 3)

Gi(w) = ()]

Here, 6(¢) is the Heaviside step function and Ci(¢) plays the
role of an auxiliary quantity which is called the cumulant.
Both Egs. (2) and (3) would correspond to the same Green’s
function in frequency and time domain if the cumulant Ci(¢)
and the self-energy Xk (w) could be evaluated exactly [1].
In practice, however, one of these approaches is expected to
perform better. The spectral function within the CE can be
obtained as follows:

Ax(w + &) = TRe / dte™ e+, )
T 0
Equation (4) circumvents the Fourier transform of the whole
Green’s function Ag(w) = —%ImGk(a)), which is useful in
practice, as the free electron part e~ typically oscillates
much more quickly than .

The expression for Ci(¢) in the lowest order perturbation
expansion can be obtained by taking the leading terms
in the Taylor expansion of the Dyson equation Gg(w) =
(Go(@)™" = Zx(@) ™ & Gy 0(@) + Gk ,0(®) Zk (@) Gk o (@),
taking its inverse Fourier transform and equating it to Eq. (3),
where the cumulant in the exponent is replaced with its linear
approximation e ~ 1 + Gy (¢):

) 0 g —iwtz
Ck(l) — l'elskl'/ _CU e k(a)) )
oo 27 (w0 — g +i01)2

&)

Using the spectral representation of the self-energy

() = / dv_mEx)] ©)

T w—v+i0t’

and the contour integration over w, Eq. (5) simplifies to [19]

ck(z)=%/ dww(e_iw’—i-iwt—l). )

2
00 w

The corresponding spectral function satisfies the first two
sum rules, irrespective of Xk (w). This is a consequence of
the behavior of Ci(¢) for small ¢; see Sec. IIIC. In gen-
eral, Cx(t = 0) =0 is sufficient for the first spectral sum
rule f Ax(w)dw =1 to be satisfied. The second sum rule
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f Ax(w)wdw = e can also be satisfied if we additionally
impose that the cumulant’s first derivative at t = 0 is van-
ishing, %(0) = 0. Both of these conditions are satisfied by
the cumulant function in Eq. (7), as it is a quadratic function
of time for small arguments e~' + iwt — 1 ~ —w?t?/2 for
t —> 0.

The application of Eq. (7) is facilitated by the fact that
it does not contain any iterative self-consistent calculations.
However, one needs to overcome the numerical challenges
caused by the removable singularity at w = 0 and by the
rapidly oscillating trigonometric factor e~ for large ¢. The
latter is important for the weak electron-phonon couplings,
where it is necessary to propagate Cx(¢) up to long times until
the Green’s function is sufficiently damped out. The same
problem occurs in other regimes as well (e.g., close to the
atomic limit), where the Green’s function does not attenuate
at all; see Sec. [T A 4.

The numerical singularity at @ = 0 can be completely
avoided if we consider the cumulant’s second derivative

d2Ck(l) * dw —iwt iekt ~
—7 = — ImZg(w + ex) e = 2% 6 (¢), (8)

—00

where we used ImXg(w) <0 and introduced 6¢(t) =
I ImEk(w)e”'“)’g—?. Then, Ci(¢) is obtained as a double
integral over time of Eq. (8),

t t
Ci(t) =2 / dl// di"e™" 51", ©)
0 0

where the lower boundaries of both integrals have to be zero,
as guaranteed by the initial conditions Cx(0) = dd%(O) =0.
Using the Cauchy formula for repeated integration, this can
also be written as a single integral:

Ce(t) =2 / (t — x)e' ™Gy (x)dx. (10)
0

This completely removed the problem of numerical sin-
gularities. Still, the problem of rapid oscillations of the
subintegral function remains due to the presence of ¢/** term.
In Sec. IT A3, we provide an elegant solution for this issue,
focusing on the case of the Holstein model.

2. Asymptotic expansion for cumulant whent — oo

The asymptotic expansion of Ci(t) for large times, as
we now demonstrate, completely determines the quasiparticle
properties within this method. This is one of the main moti-
vations for studying the + — oo limit. From Eq. (8), we see
that

dG ® J2Cy (¢
i~ > 00) = i/ k0,
dt 0 dr?

i [o.¢] oo .
——f da)|ImEk(a)+8k)|/ dte ™
T J 0

= X (k). an

where we used the identity [~ dte™ = w8(w) — iPL and
the Kramers-Kronig relations for the self-energy. Hence, the
cumulant function Ci(¢), and also the whole exponent in
Eq. (3) is a linear function of time Cy(t) — iext ~ —iExt +

const for t — 00, where
Ex = ek + Zi(ex). (12)

As a consequence, the Green’s function in Fourier space has a
simple pole situated at Ey, as seen from the following expres-
sion:
o0 . iCy (1)
Gk(w) = —i / P StV (13)
0

Therefore, quasiparticle properties are encoded in Ej: its real
and imaginary parts correspond to the quasiparticle energy
and scattering rate, respectively. We note that, in our present
analysis, we implicitly assumed that %(t — 00) exists and
is finite. Although this is generally true, there are a few excep-
tions. In the Holstein model, the first assumption is violated
at the atomic limit [7o = 0; see Eq. (28)], while the second
assumption is violated at the adiabatic limit (wg = 0) for
k =0ork = *xm; see Egs. (18) or (19).

The knowledge that we gained about the analytic properties
of the Cx(¢) provides us with an intuitive understanding of
how the shape of the cumulant determines the shape of the
spectral function. The asymptotic limits r — oo [where Ck(t)
is linear] and ¢+ — 0 [where Ck(¢) is quadratic] by them-
selves, to a large extent, describe only the simple one-peak
spectral functions, while the crossover between these limits
is responsible for the emergence of satellite peaks. This can
be explained as follows: If the cumulant was quadratic over
the whole ¢ domain Cy (t) = ct?, the spectral function would
have a simple Gaussian shape. Similarly, the Lorentzian shape
would be obtained from the linear cumulant Cx () = ct. This
suggests that the simple crossover between quadratic (at small
t) and linear (at large ¢) behaviors would also give a sim-
ple one-peak shape of the spectral function. The information
about phonon satellites is thus completely encoded in the
Ck(t) for intermediate times ¢, which depends on the system
and approximation in which the cumulant function is calcu-
lated.

3. Second-order cumulant expansion for the Holstein model

Let us now concentrate on a specific example, the Holstein
model on a hypercubic lattice in n dimensions. The second-
order cumulant is given by Eq. (7), where the self-energy is
taken to be in the MA Iy (w) = ZMA(w), i.e., of the second
(lowest) order with respect to the electron-phonon coupling
g. This is in accordance with the derivation from Sec. ITA 1,
since we restricted ourselves to the lowest order terms in the
Taylor expansion of the Dyson equation and of ¢, An alter-
native derivation of this expression is given in Sec. I of the SM
[54]. MA is briefly discussed in Sec. IIB 1. For our present
purpose, we only need the expression for the imaginary part
of the self-energy

ImZM () = =7 g [(npn + Dp(@ — o) + npnp(@ + @),
(14)

where np, = 1/(e»/T —1) is the Bose factor, p(w) =

le > 1 8(w — ex) is the density of electron states for the system
of size N, which we take in the thermodynamic limit N — oo,
and ex = —2¢ Z;le cosk; is the noninteracting dispersion
relation.
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FIG. 1. (a)—(f) The cumulant, Green’s, and spectral function on
the example of the one-dimensional Holstein model with the follow-
ing values of the model parameters: wy = 0.2, g = 0.2, T = 0.3, and
t() =1.

The expression for the cumulant function, as seen from
Eq. (10), is related to the inverse Fourier transform of
ImXMA(w), which in turn is completely determined by the
inverse Fourier transform of the density of states p(¢). The
latter admits a closed-form solution

5(t) /  doe ™ / a8 | o+ 2 Z k
plt) = — w42ty Y cosk;
—oo Y Ji0.2my !

j=1

1 /1 [* . " JoQRtgt)
— (= dk 2itot cos k =" 15
2 <271 /0 ¢ ) 2 (15)

where Jy is the Bessel function of the first kind of order
zero. Hence, Eqs. (10), (14), and (15) imply that the cumulant
function can be written as

G(t)=—¢ / dx(t — x)iD(x)e™® Jo(21tox)", (16)
0

where iD(t) = (npn + 1)e™™"" + nype’ is the phonon prop-
agator in real time (for ¢ > 0). In Fig. 1, we illustrate the
cumulant function, as well as the corresponding Green’s func-
tion and spectral function. Figures 1(a) and 1(b) show the
second derivative of the cumulant

dzCk(t)
dt?

to demonstrate the rapid oscillations that are also present in
the cumulant itself. These are not easily observed by inspect-

= —giD(1)e"* Jo (210t )" (17)

Tk = ®© 3.0
2.5
2.0
1.5
1.0
0.5

wo/to

On =23 —m3 0 w3 213 n

k

FIG. 2. Quasiparticle lifetime 7y in the CE method for T /fy = 2
and g/t) = 1.

ing Ck(t) directly, as the linear behavior dominates for large
times. We observe that the k = 0 and k = 7 results possess an
oscillating envelope with period 27 /wy, while intermediate
momenta have a much less regular structure. This can have
direct consequences on the spectral functions, as the satellite
peaks are expected to be at a distance wy from each other.
To be more explicit, oscillating envelopes suggest that there
is a much higher chance for the occurrence of satellite peaks
near the bottom (k & 0) and the top (k & ) of the band, than
otherwise. However, that does not guarantee that the satellite
peaks will in fact occur. Figure 1(c) shows that ReCk(f) is
declining faster for k > 0O than for k = 0. As a consequence,
¢%® in Fig. 1(d) attenuates slower for k = 0, having enough
time to complete a full period, while k = 7 results are remi-
niscent of an overdamped oscillator. A similar, although much
less evident, effect can be seen in the Green’s function itself;
see Fig. 1(e). This is why the k = 7w spectral function in
Fig. 1(f) has a simple one-peak shape, while only the k = 0
result captures one small satellite peak.

From a numerical point of view, Eq. (16) is treated using
Levin’s collocation method [55], which is reviewed in Ap-
pendix A. It provides a controlled, accurate, and numerically
efficient way to integrate the product of trigonometric, Bessel,
and some slowly varying function. This approach avoids using
a dense ¢ grid, which would otherwise be required, as the
subintegral function in Eq. (16) has the same type of rapid
oscillations present in d>Cy (t)/dt>.

4. Lifetime

Another question of practical importance is how long we
should propagate the cumulant function in real time until the
corresponding Green’s function attenuates. A rough estimate
of such quantity is given by the quasiparticle lifetime tx. The
lifetime is given by 7, = 1/(2|ImEx|), where Ej is given by
Eq. (12) and the self-energy is taken in the MA [see Eq. (14)]:

9(41‘3 — (&g — (,()0)2)

,/4[& — (ex — a)())2

(413 — (ex + w0)?)

Nph-
V4g — (ex + wp)?

This is illustrated in Fig. 2. We observe that there is a con-
siderable part of the parameter space where the lifetime is

1. = 2[ImEy| =2¢°

(nph +1)

+2¢ 18
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FIG. 3. Feynman diagrams in the Migdal approximation and the
self-consistent Migdal approximation.

infinite, which means that the corresponding Green’s function
never attenuates. This occurs for wg > 2ty + 2ty| cos k| in the
case of finite temperatures, and for wy > 4f sin’ k /2 in the
T = 0 case. In these regimes, one could presume that this is
reflected in the spectral functions through the appearance of
Dirac delta peaks, which is not expected at finite temperatures.
This illustrates one of the limitations of this method.

B. Benchmark methods
1. Migdal and self-consistent Migdal approximation

The Migdal approximation [56] is the simplest perturba-
tion approach, whose self-energy is represented with a single,
lowest order Feynman diagram, as shown in Fig. 3(a). The
imaginary part of the self-energy is given by Eq. (14) in the
case when there is just a single electron in the band, regardless
of the dispersion relation or the number of dimensions of
the system. The corresponding real part is obtained using the
Kramers-Kronig relations, and in 1D reads as

6((w — wo)* — 413)sgn(w — wp)

V(@ —wy)? — 41

9((a) + wp)? — 4t§)sgn(w + wg)

J(@+ wp)? — 41‘3
(19)

The range of validity of the MA can be extended if we sub-
stitute the noninteracting electron propagator in Fig. 3(a) with
an interacting one. At the same time, the interacting propaga-
tor itself is expressed through the self-energy via the Dyson
equation. These relations constitute the SCMA. Figure 3 il-
lustrates that the SCMA self-energy consists of a series of
noncrossing diagrams, whose lowest order coincides with the
MA. Figure 3(b) shows the second-order contribution, while
the third-order contributions are shown in Figs. 3(c) and 3(d).

Mathematically, the self-consistency relations are straight-
forwardly derived and, in our case, read as

2SMA () = & (nph + DG(w — wo) + &npnG(w + ),
(20a)

ReZMA(w) = &*(npn + 1)

+ anph

G(w) =

(20b)

m 1
Q2m)" LT o — gg — TSMA(w)’

where G(w) is the local Green’s function. We see that in
the case of the Holstein model, the SCMA self-energy is k
independent.

2. Dynamical mean-field theory

Dynamical mean-field theory is a nonperturbative approx-
imate method, that represents a natural generalization of the
traditional mean-field theory [57]. It simplifies the original
lattice problem by mapping it to a single site impurity prob-
lem, embedded into an external bath that is described with
a frequency-dependent (i.e., dynamical) field Go(w), which
needs to be determined self-consistently. This simplification
is reflected on the self-energy, which is assumed to be k-
independent ¥k (w) = ¥(w). The DMFT becomes exact in the
limit of infinite dimensions or, equivalently, infinite coordina-
tion number.

In practice, Go(w) and X(w) are determined self-
consistently, by imposing that the local Green’s function of
the lattice problem

Y p(e)de
o= 5w e

and the self-energy X(w) coincide with the corresponding
quantities of the impurity problem. Here, p(¢) is the nonin-
teracting density of states. The self-consistent loop is closed
using the Dyson equation Gy(w) = (G~ '(w) + Z(w))~!. In
the case of the Holstein model, the (polaron) impurity problem
can be solved exactly, directly on the real-frequency axis, in
terms of the continued fraction expansion [53]. Furthermore,
in the one-dimensional case, Eq. (21) assumes a closed-form
solution and reads as

fim—— . (22)

1
200B(@),/1 = 555 2t9y/1 — B(w)?

where B(w) = (w — Z(w))/(2ty); see Supplemental Material
of Ref. [52]. We note that Eq. (22) can also be used for the
SCMA in Eq. (20).

We have very recently shown [52], by using extensive
comparisons with several numerically exact methods cover-
ing various parameter regimes, that the DMFT can provide
a rather accurate solution for the Holstein polaron even in
low dimension. Hence, the DMFT has emerged as a unique
numerical method that gives close to exact spectral functions
in practically the whole space of parameters, irrespective of
the number of dimensions. This makes the DMFT an ideal
benchmark method for comparisons with the CE results for
the Holstein model.

G(w) =Re

III. SPECTRAL FUNCTIONS

In this section, we present the CE spectral functions of
the 1D Holstein model. The DMFT is used as a benchmark,
while MA and SCMA represent the main competitors and
alternatives to the CE method. Section III A shows the results
for k = 0, whereas heat plots and the k = 7 results are shown
in Sec. III B. High-temperature spectral functions and spec-
tral sum rules are presented in Sec. III C. The behavior near
the atomic limit is discussed in Sec. III D. We present only
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"(a)

0.0 y

FIG. 4. (a)—(h) Spectral functions for # =1, wy = 0.5 and
k = 0. In the left panels 7 = 0.3, while 7 = 0.7 in the right panels.
Insets show the integrated spectral weights Ik (w) = ff’oo Ax(v)dv.

the results for wg = 0.5, while the results for other phonon
frequencies and various momenta are shown in Sec. I of SM
[54]. The 2D spectral functions are presented in Appendix B.

A. Low and intermediate temperatures for k = 0

In the weak-coupling limit « — 0, all these approximate
methods (DMFT, CE, SCMA, MA) provide accurate results.
In Fig. 4, we investigate how far from this strict limit each
of our methods continues to give reasonably accurate spectral
functions. In Fig. 4(a), we see that for « = 1 all methods
correctly capture the quasiparticle peak, which dominates in
the structure of the spectrum. The MA satellite peak is slightly
shifted towards higher frequencies, which becomes signifi-
cantly more pronounced at higher temperatures; see Fig. 4(b).
The limitations of the MA become more obvious for stronger
couplings, where even the position and weight of the quasi-
particle peak are inaccurate; see Figs. 4(c)—4(h).

While the quasiparticle properties of the CE and SCMA
seem to be quite similar if « is not too large, some difference
in satellite peaks is already visible in Figs. 4(b) and 4(c).
Figure 4(c) shows that SCMA gives broader satellites than
the DMFT benchmark, whereas CE slightly underestimates
the position of the satellite. Neither CE nor SCMA can be
characterized as distinctly better in this regime. On the other
hand, Figs. 4(e) and 4(g) display a clear advantage of the CE.

-2 0
k

FIG. 5. (a)—(h) Heat maps of Ax(w) for t, =1, wp = 0.5, and
T = 0.3. In the left panels, we present CE results, while the DMFT

benchmark is presented in the right panel. All plots use the same
color coding.

We see that it captures rather well the most distinctive features
of the solutions, which are the first few satellites. This is not
the case for SCMA.

Figures 4(f) and 4(h) demonstrate that the CE gives a
rather quick crossover toward the high-temperature limit, as
it predicts a simple broad one-peak structure for the spectral
function already for 7 = 0.7. This large difference between
the spectral functions for 73 = 0.3 and 7, = 0.7 can be
understood by examining the ratio of their corresponding
lifetimes ©(17)/t(12) = npn(12)/npn(17) ~ 8.5. This implies
that ReCi(¢) for T = 0.7 has a much steeper slope as a func-
tion time, which suppresses the appearance of satellites, as
explained in Sec. IT A 3.

B. Low and intermediate temperatures for k # 0

To proceed with the analysis of the CE ,we want to answer:
(i) Whether the conclusions that we reached for £ = 0 can be
carried over to other momenta as well? (ii) Does CE continue
to be better than SCMA at much higher temperatures? The
first question is answered in Fig. 5, where we compare CE
and DMFT heat plots. Figures 5(a) and 5(b) demonstrate
that CE results are quite reminiscent of the DMFT results
for « = 1, even at nonzero momenta. The same conclusion
holds for weaker couplings as well. On the other hand, there
are differences between the results for somewhat stronger
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< o.5- — CE

4400

R e
w w
FIG. 6. (a)-(h) Spectral functions for # =1, wy = 0.5, and

k = m. In the left panels 7 = 0.3, while T = 0.7 in the right panels.

coupling o = 1.5, as shown in Figs. 5(c) and 5(d). While the
polaron bands in both of these figures are convex, the CE
predicts the first satellite to be concave, unlike the DMFT.
In other words, CE predicts that the distance between the
polaron peak and the satellites decreases as we increase the
momentum. This is counterintuitive, as the satellites are per-
ceived as the quasiparticle that absorbed or emitted a phonon,
which should consequently be just at energy distance wy apart.
These limitations of the CE are much more pronounced for
stronger electron-phonon couplings. While the DMFT solu-
tion in Figs. 5(f) and 5(h) exhibits a series of distinct bands,
Figs. 5(e) and 5(g) demonstrate that the polaron and satellite
bands of the CE merge into a single band at higher momenta.
Howeyver, the most noticeable feature here is the fact that the
CE is too smeared, as if the temperature is too high. This is
a consequence of the fact that the lifetime in Eq. (18) scales
as 7y ~ 1/g%>. While the heat maps reveal noticeable discrep-
ancies between the DMFT and CE for k # 0, it seems that
these differences are much less pronounced around & = 7. A
more detailed comparison is presented in Fig. 6 that shows
the results for the same regimes as in Fig. 4. The DMFT
solution in Figs. 6(a)-6(d) shows that the main feature of the
spectral function is a single broad peak for « < 1.5, which
is in agreement with the CE results. This is also the case for
the SCMA, although we observe a slight tendency of the main
peak to lean toward higher frequencies at higher temperatures.
For larger interaction strengths, CE cannot fully reproduce the
sharp peaks at lower frequencies of the low-temperature spec-
tral function or the fine structure of the main peak at higher

temperatures; see Figs. 4(e)—4(h). Similarly, CE misses the
quasiparticle peak as well, situated at low energy, although it
is typically tiny and not (clearly) visible in Figs. 6(a)-6(h) (see
Appendix C). A detailed comparison of the spectral functions
for other momenta and phonon frequencies is presented in
Sec. II of the SM [54].

Overall, we find that the CE gives the most accurate results
for k = 0 and k =  and that it is less accurate for other mo-
menta. Although it cannot fully reproduce a tiny quasiparticle
peak for k = 7, it describes well a wide single-peak structure,
which is the most prominent feature of the spectrum. A much
larger discrepancy for k = m, between the CE and a reliable
benchmark, was reported in Ref. [50] by examining the sys-
tem on a finite lattice system with N = 6. In Appendix C,
we examine the same parameter regime as in Ref. [50] and
show that these discrepancies are significantly reduced in the
thermodynamic limit.

C. Spectral functions at high temperatures
and spectral sum rules

In Fig. 7, we show CE, SCMA, and DMFT spectral
functions at high temperatures for the same electron-phonon
couplings as in Figs. 4 and 6. We see that CE performs very
well both for k = 0 and k = . There are only small discrep-
ancies at stronger interactions [see, e.g., Fig. 7(c)]. In contrast,
the SCMA solution gets tilted relative to the DMFT and CE.
In addition, it poorly reproduces the low-frequency part of the
spectrum. It is not obvious whether the CE method is exact in
the high-temperature limit 7 — co. As we now demonstrate,
this can be answered by examining the spectral sum rules:

[o.¢]
Mu(k) = / Ax(w)o"dw. (23)
—00
These can be calculated both exactly,
ME¥N (k) = <[. . Alex, HI, H] ..., H] cl> : (24)
n times T

and within the CE approximation, where by combining
Egs. (4) and (23) we find

MEE(k) :Re[i"(%) eCk<’>] »
-3 (Z)(—eow%p(k). (25)
p=1

The difference between these quantities MSE(k) — MY(k)
is zero for n = 0 and n = 1, as noted in Sec. II A 1. Higher
order sum rules for the CE method are easily calculated,
while the evaluation of the exact sum rules quickly becomes
cumbersome for increasing n. The first five (0 < n < 4) sum
rules were already calculated by Kornilovitch [58]

Mo(K) = & + Qg + g, (26a)
Mi(k) = & + g w0 + 28" (2npn + e, (26b)
Ma(k) = & + 26k + & 2npn + 1)

x (215 + 3e + wj) + 38" Qnpn + 1)*. (260)
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FIG. 7. (a)-(h) CE, DMFT, and SCMA spectral functions in 1D forfy = 1, wy = 0.5, and k = 0, .

All of these are correctly predicted by the CE. However, the
disagreement between M and MSE appears for n = 5,
where we find

MENK) = e + 38wo (263 + &3) + & wp
+2¢° (265 + 58°wo + ey + 2t5ex) 2npy + 1)
+7g ek 2npn + 1)2, (27a)
MEE(K) = MEU(K) — 28" ek (2npn + 1) (27b)

Hence, CE cannot be exact in the limit 7 — oo. However, we
see that there are two limits where CE can potentially be exact:
the weak-coupling limit g — 0 and the atomic limit gx — O.
It turns out that CE is actually exact in both of these limits,
as seen from Eqs. (3), (7), and (14) for the weak-coupling and
Sec. III D for the atomic limit. We note that the SCMA gives
correct sum rules only for n < 3 [42]. This is a consequence
of the fact that SCMA ignores one of the fourth-order dia-
grams (~g*) since it includes only the noncrossing diagrams.
Also, we numerically checked that the DMFT results are in
agreement with all of the sum rules that we listed above.

D. Atomic limit

In the atomic limit (#y = 0), the cumulant function can be
evaluated exactly:

C(t) = a*(=2np — 1 + itwy + iD(1)). (28)

This follows from Eq. (16), using Jy(0) = 1. If we express
the phonon propagator as iD(t) = 2, /npn(npn + 1) cos[wo( +
%)] and use the modified Jacobi-Anger identity

o2 A/ mon (npn 1) cosfwo (t+57)]
oo

= Z IZ(Zazﬁ/nph(nph + 1))e_il“’°’e%0, (29)

l=—00

where [; are the modified Bessel functions of the first kind,
the spectral function [see Eqgs. (3) and (4)] can be calculated

analytically and reads as

A(w) = et

x 3" 120 /ngn(ngn + D)e ¥ (o + oy — L),

I=—00
(30)
In the limit 7 — 0, the previous expression reduces to
2 o a2
Aw)=e ) TRIGRs wo(a® = 1)). 31)

1=0

This proves that CE gives correct results in the atomic limit,
as Egs. (30) and (31) coincide with the known exact results
[1,44].

In contrast, the SCMA (let alone the MA) does not share
this property, which is easy to show at zero temperature. In
this case, Eq. (20a) and the Dyson equation imply that

1

R rre—

(32)
The previous equation can be solved by the iterative applica-
tion of itself in terms of the continued fraction

G(w) = ! - . (33)

w— £

2
w—wy— &

w2y i

This does not coincide with Eq. (35) from Ref. [53], which
represents the exact solution. Thus, SCMA cannot reproduce
the correct result in the atomic limit.

While the CE is exact in the atomic limit (fg = 0), it is
not immediately obvious how far from this limit it continues
to give reliable results. This is why we now examine the
regimes with small hopping parameter #y. Since the lifetime
is infinitely large in some of these regimes (see Fig. 2), we
introduce artificial attenuation 1 for the Green’s function in
real time by making a replacement G(¢) — G(t)e ™. The
results are presented in Fig. 8. Here, the dotted line is the
analytic solution in the atomic limit () = 0), determined by
Eq. (30), where the Dirac delta functions have been replaced
by Lorentzians of half-width . It is used as a measure to see
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FIG. 8. (a)—(f) CE, DMFT, and SCMA spectral functions close to
the atomic limit. Here, we use artificial Lorentzian broadening with
half width set to n = 0.05.

how far the regime we are examining is from the exact atomic
limit. In Fig. 8(a), we see that DMFT, SCMA, and CE spectral
functions are in agreement. This regime is quite far from the
atomic limit, as indicated by the dotted line. Figure 8(b) shows
that the DMFT spectral function already consists of a series of
peaks for #p = 0.5, while the CE and SCMA spectral functions
are too flattened out. While the CE solution significantly im-
proved in Fig. 8(c), it is still not giving satisfactory results,
even though the DMFT suggests that we are already close to
the atomic limit. Only for #y < 0.005 does the CE solution
give accurate results; see Fig. 8(d). However, this is practically
already at the atomic limit. It is interesting to note that while
both the DMFT and the CE are exact in the weak-coupling
and in the atomic limit, their behavior in other regimes can be
quite different.

IV. QUASIPARTICLE PROPERTIES

We now investigate the quasiparticle properties obtained
from the CE method and compare them extensively to the
results obtained from the DMFT and SCMA. We note that

the lifetime within the CE was already studied in Sec. IT A 4,
so we supplement that study here with the results for the
ground-state energy and the effective mass. Here we show the
results in one, two, and three dimensions. Comparison with
the MA ground-state energy, in the 1D case, is presented in
Sec. III of the SM [54].

A. Ground-state energy

The polaron band dispersion E,, i within the CE is given by
the real part of Eq. (12), where the self-energy is taken in the
MA:

E,k = &k + ReZMA(gy). (34)

Since we deal with a single electron in the band, the
ground-state energy E, is given by E, \—( evaluated at zero
temperature. In the 1D case, E), is straightforwardly evaluated
using Eq. (19) and reads as follows:

2,2
a‘wy

+/ a)(2) + 4woty

For the expression in higher dimensions, we need to go back
to Eq. (14) that holds in any number of dimensions. At 7T = 0,
it reads as

EID =2ty — (35)

ImEZMA(w) = —ma?wlp(@ — wy). (36)

The real part of MA(w) is obtained using the Kramers-
Kronig relation

ReZMA () = ma? 0l H[pl(w — wy), (37)

where H[pl(w) = f Oooo [fT” Z (”3 is the Hilbert transform of
the density of states p(w) and P is the Cauchy principle value.
The evaluation of the Hilbert transform may be reduced to
the evaluation of the Fourier transform J, using the following

identity:
F'"Hpl(t) = —i sgn(t) F'[pl(t). (38)

The inverse Fourier transform of the density of states on the
right-hand side was already calculated in Eq. (15) for the case
of the hypercubic lattice with the nearest-neighbor hopping.
Hence, H[p](w) is obtained by applying F on both sides of
Eq. (38),
1 oo
Hlpl(w) = —/ dxJo(2tpx)" sin(xw), 39)
T Jo

where 7 is the number of dimensions. The polaron band dis-
persion then reads as

oo

Epx = &k + o] / dxJo(2tox)" sin (x(ex — wp)).  (40)
0

E, is thus a linear function with respect to o, whose intercept

is g, while its slope can be calculated accurately using the

numerical scheme described in Appendix A. In the 2D case, it

admits an analytical solution

202w 4t
ED = 4y — 220 K< 0 > 1)
7 (4ty + wop) 4ty + wy
where K (k) = n/ *do /v 1 — k%sin? @ is the complete ellip-

tic integral of the first kind. In the case n = 3, the integral
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FIG. 9. Ground-state energy within the DMFT (solid line), CE
(dashed line), and SCMA (dotted line). Here, t) = 1 and T = 0.

in Eq. (40) does not admit a closed-form solution and thus
requires numerical calculation.

The polaron band dispersion E,  (and thus the ground state
E,) within the DMFT and SCMA is obtained numerically, as
the smallest solution of the following equation:

Ep,k = ¢k + RCE(Ep‘k). (42)

Results for the 1D, 2D, and 3D case are presented in Fig. 9.
The DMFT benchmark, which is known to be very accurate
[52], always gives the lowest ground-state energy predictions
in comparison to the CE and SCMA. We see that CE always
outperforms the SCMA, despite the fact that its predictions
of the energy are always a linear function of «?. In the 1D
case, we see that CE results for wy = 0.5 start to deviate more
significantly from the DMFT just around o« = 2.5. Hence, the
range of validity for the CE is similar as for the spectral
functions in Fig. 4. The analogous conclusions can also be
drawn from wg = 1 data as well. In contrast, all three methods
seem to be in agreement for wy = 0.2 in the whole range
of presented values of «. This is a consequence of the fact
that the ground-state energy correction is small, as seen from
Eqgs. (35), (40), and (41) by fixing « and decreasing wy. How-
ever, if we fix g = wpa and then decrease wy, the ground-state
energy would change substantially [see, e.g., Eq. (35)], and
the CE would certainly give poorer results.

Similar trends are observed in higher dimensions as well.
Seemingly, the range of validity of the CE is increased in
higher dimensions. However, one should keep in mind that the
hopping parameter is always taken to be unity, which means
that the bandwidth of the 2D and 3D systems are, respectively,
two and three times larger than their 1D counterpart. There-
fore, the correlation is weaker for a given coupling «.

B. Effective mass

Around the bottom (k| &~ 0) of the conduction band, the
dispersion E,  assumes the following parabolic form:
k2

E,x ~ const + —, 43
p.k +2m* ( )

where m™* is the effective mass, which we now calculate.

Solid=DMFT
Dashed=CE
Dotted=SCMA

1 2 3 4 5 6

FIG. 10. Effective mass results within the DMFT, CE, and
SCMA forty =1and T = 0.

In the 1D case, one obtains the analytical result for the
effective mass using Egs. (19) and (34),
m* 1 a4
o T Cuteoe’Jas
molipr=o 1— %
where my = 1/(2¢y) is the band mass which remains the same
irrespective of the number of dimensions. Results for the
higher number of dimensions are evaluated using Eq. (40).
As for the ground-state energy, the 2D case admits an analytic
solution
* 1
= - 45)

- 202wy 4 >
m, _ 0 0
012D,7=0 1 7 (8tg+wop) (4t0+a)0)
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where E(k) = [T/ d0+/1 — k?sin® 6 is the complete elliptic
integral of the second kind. Results in the n-dimensional case
are given by

m* 1

— ) (46)

- 2002 THIT
Mo |7=0 I+ ma @y do lo=—2nty—wy

and require numerical calculation in the general case. From
Eq. (46) we see that my/m* is a linear function of «?. This
linear behavior has to break down at one point, as mgy/m*
cannot be negative. This happens for strong interaction, where
the CE is certainly not expected to be reliable. The mass
renormalization within the DMFT and SCMA is calculated
numerically as

m* d¥(w)

- =1

mo |7—o dw

, 4N

w=E,

where E, is the ground-state energy. Results for the DMFT,
CE, and SCMA effective mass in different parameter regimes
and for different number of dimensions are presented in
Fig. 10. In the 1D case, we see that the CE always under-
estimates, while the SCMA overestimates the results from the
DMFT benchmark. Still, CE clearly outperforms the SCMA
for wyp = 1 and wy = 0.5, while the results in the vicinity of
the adiabatic limit (wy = 0.2) seem to be equally well (poor)
represented by both methods.

In the higher-dimensional case, we see that the CE is al-
ways a clearly better approximation than the SCMA, while
both of them overestimate the DMFT predictions. As for the
ground-state energy, we emphasize again that the hopping pa-
rameter was set to 1. As a consequence, the system has a larger
bandwidth in the higher-dimensional case and, therefore, the
correlations are weaker.

V. MOBILITY

The mobility is defined as the DC conductivity, normalized
to the concentration of charge carriers n, (and their unit charge
which we setto e = 1), i.e., & = 0P /n,. It can be calculated
using the Kubo formalism, which relates p to the current-
current correlation function [1]. The latter can be written
as a sum of the so-called bubble part, which is completely
determined by the spectral functions Ax(w) and the vertex
corrections. Within the DMFT, the vertex corrections vanish
[57,59], while estimating their contribution in the general
case is beyond the scope of this paper. In the following, we
calculate the mobility solely from the bubble part.

In the case of a 1D system with a single spinless electron
in the band, the mobility in the bubble approximation can be
written as [1,60]

42 Yo [T dvA(v)2e T sin® k
T S SO dvA(v)e T

The processing time required for the calculation of p within
the CE method rises linearly with the number of k points we
sum over. This is not the case for the DMFT and SCMA, as
their self-energies are k independent and thus need to be calcu-
lated only once for a given parameter set. In every parameter
regime the CE was applied to, we checked that 64 sampling
points in the Brillouin zone are enough to be representative of

(48)

10%=
(c) Wo = 1.0
Markers = CE
102 Dashed = SCMA

Solid = DMFT

FIG. 11. Temperature dependence of the mobility for the CE,
DMEFT, and SCMA. The dotted red (black) lines are auxiliary lines
with the power law behavior 1t oc 772 (u o< T=3/?). Here t, = 1.

the thermodynamic limit. This was also crosschecked using
the DMFT.

The exponential term e in Eq. (48) has some impor-
tant implications. Despite the factor sin” k, it implies that the
largest contribution to the mobility most commonly comes

—v/T
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from the spectral functions around the bottom of the band
(k ~ 0), as they are typically situated at lower frequencies
with respect to their higher momentum counterparts. This is
actually helpful, as we have seen that the CE is more reliable
for k &~ 0 than for 0 < k < 7. However, e "/ also introduces
numerical instabilities, as even a small numerical noise of
Ag(v) atv < —1 will be inflated and give an enormous overall
error in the mobility. This is why the integrals in Eq. (48)
require introducing some kind of negative frequency cutoff
ffooo — fix;\ We always check that the mobility results con-
verge with respect to A. This is easily done in both the DMFT
and SCMA due to the high numerical accuracy of our numer-
ical implementations. The convergence with respect to A is
much harder to achieve within the CE, as the Green’s func-
tions are initially calculated in the time domain and require
the use of numerical Fourier transform. We have implemented
a well-known interpolation scheme [61] to increase the pre-
cision of the Fourier transform. Still, the numerical noise at
low temperatures and strong interactions prevented us from
precisely calculating the mobility in these regimes. We show
only the data where an accurate calculation was possible.

In Fig. 11, we present numerical results for the temperature
dependence of the electron mobility. For weak electron-
phonon coupling, all methods are in agreement; see Fig. 11(a)
for « < 1 and Figs. 11(b) and 11(c) for a < 0.5. Electron-
phonon scattering is weak in these regimes, which is why
the quasiparticle lifetime 7 is long, and the linear time de-
pendence dominates in the cumulant function. The spectral
function and its square can thus be approximated as Ay (w) ~
d(w — Epx) and A,%(a)) ~ %8(a) — E, 1), where § is the Dirac
delta function and E, ; is given by Eq. (34). The mobility from
Eq. (48) thus simplifies to

Ay e BT sin? k
Mweak ~ ——

T Dl

At high temperatures, Eq. (49) further simplifies as e £r+/T &
1. In this case, the lifetime is inversely proportional to the tem-
perature 7, < 1/T, as seen from Eq. (18), which implies the
power-law behavior of the mobility fiyeak o< 1/ T2. This con-
clusion holds only for very weak electron-phonon couplings,
where the assumption of weak scattering is still satisfied de-
spite the high temperatures; see Figs. 11(a) and 11(b) for
o = 0.25 and Fig. 11(c) for & = +/2/10. This assumption is
also violated at extremely high temperatures 7 — oo.

For stronger couplings, in the limit of high-temperatures
T > ty, wy, the Green’s function in the time domain is quickly
damped, which is why Ci(¢) can be approximated with just
the lowest order (quadratic) Taylor expansion around ¢ = 0.
Hence, Eqgs. (3) and (17) imply that the Green’s function can
be written as

(49)

. gz
Gi(t) = —if(t)e i ¢ T mntDr* (50)

while the corresponding spectral function is given by the
Gaussian:

(0—ep)?
22
e 28@pnth

V2@ Cng + 1)

Ap(w) = (D

Plugging this back into Eq. (48) and changing the sum over
momenta to integral, we obtain

, _h T ex _gz(znph + D\ (%)
Hhigh=T = o\ 2+ 1P at? ) Ip(2)

where I and I, are modified Bessel functions of the first kind,
of zeroth and first orders, respectively. Equation (52) can be
simplified by using the following approximations: 2np, + 1 A
2T Jwo and I (2ty/T)/1o(2ty/T) =~ ty/T, that are valid for
large T'. Such a simplified formula coincides with the mobil-
ity obtained by combining the Einstein relation, between the
mobility and diffusion coefficient, with the Marcus formula
[45,62]. Furthermore, Eq. (52) implies the power-law behav-
ior for the mobility ppigh—1 X T73/2 in the limit T > 1o, wp.
This is confirmed by our numerical results for a wide range of
the electron-phonon coupling strengths, where all three meth-
ods are in agreement; see Fig. 11(a) for 1/\/5 <a <25,
Fig. 11(b) for 0.5 < a < 2, and Fig. 11(c) for 0.5 < a < 1.
While the SCMA gives satisfactory results for high temper-
atures and intermediate electron-phonon couplings, it deviates
from the DMFT at lower temperatures [see, e.g., Fig. 11(a) for
a = 2.5 and Fig. 11(b) for « = 2] and also for stronger cou-
pling strengths [see, e.g., Fig. 11(a) for « > 2.5 and Fig. 11(b)
for o > 2]. At these stronger couplings, the DMFT predicts
the nonmonotonic mobility, where a region of decreasing mo-
bility with decreasing temperature is ascribed to the hopping
transport in phenomenological theories [38,62]. The strong
coupling mobility is better described by the CE than SCMA,
although low-temperature results are missing due to our in-
ability to converge the results with respect to the cutoff A. In
Appendix D, we also give mobility predictions of the MA.

VI. CONCLUSIONS AND OUTLOOK

In summary, we have presented a comprehensive analysis
of the CE method in the context of the Holstein model. The
second-order cumulant C(¢) is calculated in a broad tempera-
ture range for three vibrational frequencies wy/fp = 0.2, 0.5,
and 1, covering a regime from a weak to strong electron-
phonon coupling. We mostly focused on the 1D system in the
thermodynamic limit but some of the results are shown also in
2D and 3D. To avoid numerical instabilities and to reach high
numerical precision, we derived a number of analytical ex-
pressions and we used the collocation method in calculations
of the cumulant, as well as an interpolation scheme for the
Fourier transform in corresponding calculations of the spectral
functions. The quasiparticle properties, spectral functions, and
charge mobility are shown in comparison to the DMFT and
SCMA results. The DMFT, which gives close to the exact
solution for the Holstein polaron throughout the parameter
space [52], gave a valuable benchmark and facilitated a de-
tailed analysis of the validity of the CE method.

At weak coupling (roughly corresponding to my/m*20.9)
CE, DMFT, and SCMA give very similar spectral functions.
Most of the spectral weight for £ = 0 is in the quasiparticle
peak, while even a small sideband (satellite) spectral weight
is rather well reproduced in all three methods. As the inter-
action increases, a clear difference in the spectral functions
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emerges. Nevertheless, the positions of the CE and DMFT
quasiparticle and the first satellite peak at low temperatures
are in rather good agreement. Furthermore, the overall spectral
weight distribution is in a decent agreement even though the
satellite peaks are more pronounced in DMFT for stronger
electron-phonon coupling. Roughly speaking, there is a de-
cent agreement in 1D up to the interactions corresponding
to mo/m* ~ 0.5. Interestingly, the agreement between the
CE and DMFT spectral functions persists also for k = 7,
although CE does not capture a tiny quasiparticle peak. In
this case, the DMFT spectral weight almost merges to a single
broad peak. We note that the difference for k = 7 observed in
Ref. [50] is solely due to considering a lattice of finite N = 6
size. The deviation of CE from the exact solution is most obvi-
ous for intermediate momenta where the CE solution merges
to a single peak, while the satellite structure is seen in DMFT.
At high temperatures, one might suspect that the CE would
give the exact spectral functions. However, this is not the case,
as we showed that the CE gives the exact spectral moments
only up to the order n = 4. We note that in all these regimes,
the CE gives slightly better results than the SCMA, while a
single-shot MA is adequate only for very weak interactions.

The spectral functions were used to calculate the charge
mobility from the Kubo formula without the vertex correc-
tions. The agreement between DMFT and CE is quite good.
This is the case even for stronger electron-phonon coupling
where the CE even indicates nonmonotonic behavior of u(7T),
with a region of increasing mobility with temperature which
is usually assigned to hopping conduction in phenomeno-
logical theories. For strong electron-phonon coupling, the
CE mobility results are shown only for T 2 fy since a very
small numerical noise at frequencies w < E,, affects a pre-
cise calculation of mobility at lower temperatures. For high
temperatures, the mobility assumes a universal form: For
weak electron-phonon coupling 1 o< T~2, while for stronger
coupling p oc T~3/2. These high-temperature limits can be
obtained also analytically from the CE.

The CE method can be easily applied to different Hamilto-
nians, which makes it a particularly attractive method for the
calculation of electronic properties beyond the weak-coupling
limit in various systems. In particular, we argue that it will
be most useful in calculations of charge mobility, as has
already been done in ab initio calculations for SrTiO3 [16]
and naphthalene [17]. While our analysis may suggest that
the DMFT appears computationally superior to CE, we note
that the numerical efficiency that we achieved with DMFT
is restricted to the Holstein model by virtue of the analytic
solution for the impurity problem [53] and the local Green’s
function [52]. For predicting the properties of real materials,
the numerical resources within the DMFT are vastly increased
and also the issue of nonlocal correlations may emerge, while
the CE remains simple and relatively inexpensive. Of course,
for a definitive answer on the range of validity of CE in
connection with ab initio calculations, one needs to perform a
similar analysis for the Frohlich model and for other models
which can be used for realistic description of the electronic
spectra and charge transport in real materials. A useful hint in
this direction is provided by Ref. [51], which shows that the
CE, around the bottom of the band, gives promising results
for the spectral function even in the case when the phonons

have a dispersion [63]. Another very interesting question that
we leave for further work is a possible contribution of vertex
corrections to conductivity. Based on the weak coupling result
[64], one might assume that their contribution is small for
optical phonons, but this remains to be determined in the
case of stronger coupling. Our high-temperature results for
mobility may also be quite useful when analyzing a dominant
type of electron-phonon coupling in real materials. Still, one
needs to be cautious in such analyses since we see that at lower
temperatures (7") does not assume a simple universal form.

ACKNOWLEDGMENTS

The authors acknowledge funding provided by the Insti-
tute of Physics Belgrade, through a grant by the Ministry of
Science, Technological Development and Innovation of the
Republic of Serbia. Numerical simulations were performed
on the PARADOX supercomputing facility at the Scientific
Computing Laboratory, National Center of Excellence for the
Study of Complex Systems, Institute of Physics Belgrade.

APPENDIX A: NUMERICAL INTEGRATION SCHEME
FOR THE HIGHLY OSCILLATING FUNCTIONS
IN THE CE METHOD

We present a numerical integration scheme for the calcula-
tion of the cumulant function from Eq. (16). Since Ci(¢) will
be expressed numerically on some 7-grid [t = 0, ...%c—1],
it is much better to divide the integral f(; from Eq. (16) into a
sum of integrals of the form f f e where ¢; are times from the
previously defined ¢ grid. In this manner, we do not integrate
over the same interval multiple times. To shorten the notation,
from now on, we denote a =t;,_; and b = t;. There are two
different types of integrals in Eq. (16), and both of them have
the following form:

b
I:/ dx g(x)e" Jy(rax)", (A1)

where g(x) is either a linear or a constant function, r| =
&k £ wo, and r, = 2¢f;. Numerical integration of Eq. (A1) has
already been studied by Levin for arbitrary r; and r, and
slowly varying g(x) [55]. In the rest of this Appendix, we
review this method in the 1D (n = 1), 2D (n = 2), and 3D
(n = 3) cases. The main idea is to rewrite the subintegral
function as a scalar product of two columns |g(x)) and |J(x)),
whose elements are functions:

b
1=/ dx (g1 (x)). (A2)

Column |g(x)) consists exclusively of slowly varying func-
tions, while |/ (x)) contains highly oscillating functions, with
the property that

=AW (),

d|J(x))
s (A3)
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where A(x) is a matrix of slowly varying functions. Then, the
integral from Eq. (A2) can be written as

b
d . - ~ N - -
I= / dx T (FEW ) = FOIT®) - (F@l @),
’ (Ad)

where | f(x)) satisfies

<j—x +AT(X))|f(x)) = |g(x)). (AS)
This is then, following Levin [55], solved by formally ex-
panding If(x)) = 224:1 ur([cr di ...]1" into a basis set of
polynomials u(x) = (x — “%”)k‘l and determining the un-
known polynomial coefficients ¢, di ... by imposing that
Eq. (AS) is exactly satisfied at M uniformly distributed
collocation points x; = a + %, j=1...M. The ini-
tial problem is thus reduced to a simple linear algebra
problem.

1. 1D case

In the 1D case (n = 1), columns |g(x)) and |J(x)) assume
the following form:

12(0)) = [g(x) 01",
T () = e [Jo(rax) J1(rx)]”,

(A6a)
(A6b)

where Jy(x) and J; (x) are the Bessel functions of the first kind,
of zeroth and first order. The matrix A(x), such that Eq. (A3)
holds, is given by

Ax) = [ir‘ —n 1}. (A7)

r ir1 -3

The unknown coefficients ¢; and di, which determine the
column function

M
IFe) =D w)lee dil”,

k=1

(A8)

are obtained from the following set of 2M linear equations:

¢ ] [ g(x) |
C C%||em 8(xar)
. = . A9
[D D] dy 0 A%
dy 0
Here, C, C?, D¢, D are M x M matrices that read as
Cij = u;(xi) — iru;(x;); Cfij = ru;(x;), (A10a)

/ 3 1 C
Dij = u;(xi) — <zr1 + ;)uj(xi)§ D;; = —ruj(x;).

1

(A10b)

2. 2D case

In the 2D case, the relevant quantities are given by

|2(x)) = [g(x) 0 0],
(X)) = e [Jo(rax)* Jo(rax)Jy (r2x) Jy(rax)”,

ir] —27’2 0
Avy=|rn in-1 - | (Al1)
0 2r ir — )%

The column |f(x)) = Zkle ur(Olex di e]” is determined
by ¢k, di, and e, which are obtained as a solution of the
following system of 3M linear equations:

C [ g(x1) ]
C Cd ce Cm g(xM)
DD Dld|=]| O (A12)
g & ¢ : :

€1 0

Here, C,C? ... € are M xM matrices. Elements of C;; and C;jj
are the same as in Eq. (A10), while ij = Efj = 0. All the
other elements are given by

’ . 1
Dij = u;(x;) — <”’1 + ;i)uj(xi),

/ . 2
&ij = uj(x,-) — <tr1 + ;)uj(xi)a

l

Ds. = —2ru(x;);

1

Df; = 2ryuj(x:); &l

i = —ruj(x;).

(A13)

3. 3D case

The procedure that was presented so far is actually quite
easily generalized to the 3D case as well. Here, the quantities
of interest are easily derived and read as

|2(x)) =[g(x) 0 0 0],
T (x)) = e [Jo(r2x)* Jo(rax)*Ji (rax)

Jo(rax)y (rax)* Jy(rax)*1",

ir1 —3}"2 0 0
. 1
o ra i — —2r 0
Alx) = . 2 ,
0 2r; i — = —r
0 0 3r, i -2
M

f@) =) w®lck di e fil”, (Al4)

k=1
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where the coefficients ¢y, di, ex, and f; satisfy

a| [ean]
c cd ce cf m g(xpr)
D¢ D pr Df|| % 0
g gd ¢ ¢gf = . (A15)
. (4] 0
Fe Fl Fe F ) .
bj 0
Here C;;, Cfij, ij, D;j, ij, Sfj, and &;; are the same as in

Egs. (A10) and (A13), while cf; =F5= D{; = F&=0.Al
other elements are given by

gl(j = —2r2uj(x,-); glj; = 3}’211]()6,’),

Dy; = —=3ru;(x;);

i Fi = —rauj(x;),

Fij = uj(xi) = (irl + ;)u_,-(xi). (A16)

1

Thus, our numerical scheme has been completely specified.
We note that Egs. (A10), (A13), and (A16) explicitly demon-
strate that our numerical scheme is singular at x = 0. This
does not pose any problems, as the subintegral function in
our initial expression Eq. (A1) is not highly oscillatory around
x = 0. Therefore, the trapezoid scheme can be applied there.

APPENDIX B: 2D SPECTRAL FUNCTIONS

We now examine the CE spectral functions in two di-
mensions and compare them to the results from DMFT and
SCMA. We investigate the Hamiltonian from Eq. (1) on a
square lattice and set /i, kg and lattice constant to 1.

In the 2D case, the cumulant function is calculated from
Eq. (16) by setting n = 2, and by exploiting the numerical
integration scheme from Appendix A. The procedure for the
implementation of the DMFT and SCMA is the same as
explained in Sec. II B, with the only difference being that
Eq. (22) no longer represents the solution for the local Green’s
function from Egs. (20b) and (21). The local Green’s function
for the square lattice is obtained as follows. Let us introduce
B(w) = (0w — X(w))/(2ty) and rewrite Eq. (21) as

(o) ) o0 eixs
Go== [ oo [ e ps @D

The integral over € can be solved using the residue theorem. It
is thus important to note that the subintegral function has only
a single pole at gpoe = 2foB(w) that is situated at the upper
half-plane, i.e., ImB(w) > 0 (since In¥(w) < 0). Hence

o0

G(w) = —27i f dxp(x)e* 0 B@g (x). (B2)

—00

Here p(x) is given by Eq. (15) for n = 2. Substituting this into
Eq. (B2) and solving the integral gives

K (55)

~ Blo)ytr’

where K (k) = o”/ *do /v/1 — k2 sin® @ is the complete elliptic
integral of the first kind.

Results are presented in Fig. 12. We note that in
Figs. 12(a)-12(d) [Figs. 12(i)-12(1)] the phonon frequency
wo = 0.2 (wy = 1) is smaller (larger) than both of the tem-
peratures 71 = 0.3 and 7, = 0.7 that we are considering.
Therefore, we focus on Figs. 12(e)-12(h) where T} < wy <
T,, while other regimes can be analyzed analogously. We
see that most of the spectral weight is concentrated in a
smaller range of frequencies than in the 1D case; see Figs. 4
and 12(e)-12(h). This is a consequence of the fact that the
hopping parameter is always set to unity, while the 2D band-
width is twice as large in comparison with the bandwidth
in the 1D system. Spectral functions from Figs. 12(e)-12(g)
exhibit qualitatively similar behavior as results for the 1D
system in Figs. 4(a)-4(d). Here, all methods are in agree-
ment and predict that the quasiparticle peak dominates,
while there is only a single tiny satellite structure that is
more pronounced at higher temperatures. However, it seems
that the satellites are more pronounced in the 1D spectral
functions. A much more complicated multipeak structure is
predicted by the DMFT in Fig. 10(h), where a large dis-
crepancy can be observed in comparison to the CE and
SCMA results. A better agreement is observed for higher
temperatures.

It is interesting to note that while the DMFT frequently
gave sharper peaks than other methods in 1D (see Fig. 4), here
the roles are reversed. This is a consequence of the strong Van
Hove singularity at the bottom of the band of a 1D system,
which is highly relevant in our case when the concentration of
electrons is very low, while the singularity in the 2D system is
weaker and shifted to the center of the band.

G(w) (B3)

APPENDIX C: A DETAILED STUDY OF THE SPECTRAL
FUNCTIONFOR ) =wy=g=1landk =nx

In Sec. III, we concluded that the CE successfully captures
the main features of the spectral functions both at the bottom
of the band (k ~ 0) and at top of the band (k &~ %) if the
electron-phonon coupling is not too strong. Less promising
results were reported in Ref. [50], where CE was examined on
a finite lattice with N = 6 sites in the regime t) = wy = g =
1 and k = 7, using the finite-temperature Lanczos method
(FTLM) [44] as a benchmark. They found that the CE, in
addition to the fact that it does not correctly reproduce a
quasiparticle peak, predicts that the most prominent feature
of the spectrum consists of only a single broad peak, whereas
two distinct peaks are present in the FTLM solution. Here
we show that this discrepancy between the CE and FTLM is
significantly reduced in the thermodynamic limit.

Reference [50] emphasized that previous conclusions are
valid only for low-temperature solutions, while CE becomes
accurate for 7 > wy. This was confirmed by the FTLM,
whose spectral functions in this case look like a single broad
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FIG. 12. (a)-(h) Comparison of the CE, DMFT, and SCMA spectral functions in 2D for k = 0 and 7y = 1. The main panels show the results

for 7} = 0.3, while 7, = 0.7 results are shown in the insets.

peak; see Fig. 1(c) from Ref. [50]. However, Fig. SO in the
Supplemental Material of Ref. [52] demonstrates that the
spectral function in the thermodynamic limit for #y = wy =
g =1, k = m consists of a broad single-peak structure even at
T = 0. This conclusion was reached by carefully examining
the finite-size effects using the numerically exact hierarchi-
cal equations of motion method (HEOM). It was established
that the system with N = 10 lattice sites is representative
of the thermodynamic limit, although much smaller systems
are required for the k = 0 results. Furthermore, the same
figure shows that two distinct peaks emerge for N = 6 and
k = m, in accordance with the FTLM results. Hence, CE
will provide much better results in the thermodynamic limit
than previously expected. We note that for tp = wg =g =1
and finite temperatures, one might expect that the required
lattice size, representative of the thermodynamic limit, does
not exceed N = 10, as the electron experiences much more
scattering compared to the 7 = 0 case. This will be cross-
checked independently (using the DMFT) in the rest of this
Appendix for finite 7', which satisfies the T < wy condi-

tion. In that case, we analyze the overall performance of
the CE.

In Fig. 13(a), we show the FTLM data, (originally from
Ref. [44]) used in Ref. [50], and compare them to the DMFT
applied on a system of finite lattice size. We exploit the
fact that the corresponding spectral functions (although cer-
tainly not as accurate in comparison with the exact solution)
provide a rough estimate of how large N should be to faith-
fully represent the thermodynamic limit; see Sec. IV from
the Supplemental Material of Ref. [52] for more details. In
accordance with the FTLM results, we see that the DMFT
spectral function for N = 6 also predicts distinct peaks around
o =~ 1.5 and w ~ 2.5, although there is an additional peak
around o ~ 2. Nevertheless, these results change drastically
with increasing N and practically converge for N = 10. This
is the same N as predicted by HEOM at T = 0. Therefore, the
presented FTLM results are not representative of the thermo-
dynamic limit. Additionally, Fig. 13(a) also shows that FTLM
results for T = 0.6 and T = 0.8 are quite similar. Hence, our
further analysis will be conducted for T = 0.7 case.
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FIG. 13. CE, DMFT, FTLM, and HEOM spectral functions for
to = wy = g = 1. (a) Analysis of the finite-size effects. (b) Inspecting
the convergence of HEOM data with respect to hierarchy depth D.

In Fig. 13(b), we present HEOM results for N = 10 and
compare them to CE and DMFT. We note that HEOM has
one additional parameter, the so-called hierarchy depth D.
For details, we refer the reader to Ref. [47], but we only
briefly mention that the numerically exact results are formally
obtained in the limit D — oo. In practice, we always check
whether the results converge with respect to D, which cannot
be increased indefinitely, as finite computer memory presents
a limiting factor. We see that the HEOM results have prac-
tically converged for N = 10 and D = 8. Here, the HEOM
solution does not possess the two-peak structure predicted by
the FTLM on a smaller lattice size (N = 6). It actually gives
only a single, broad peak around w = 2, which is correctly
reproduced by both the CE and the DMFT. Although the CE
misses the quasiparticle peak around w ~ —1.5, we conclude
that CE gives much more accurate results for the thermody-
namic limit than for a finite system.

APPENDIX D: MOBILITY RESULTS FROM THE
ONE-SHOT MIGDAL APPROXIMATION

In Sec. V, we presented and analyzed the mobility pre-
dictions from the CE, DMFT, and SCMA methods. Here,
we supplement that study with the data from the one-shot
MA (i.e., SCMA without self-consistency). The results are
shown in Fig. 14. Since the mobility results have already been

- (a) wg=0.2
102

(V/a

10!

AT
/

3 10°

1071

1072

104 -
(c) wog=1.0
103 =
E Markers = CE
Dashed = MA

Solid = DMFT

FIG. 14. Temperature dependence of the mobility within CE,
DMFT, and MA. Here ty = 1.

thoroughly analyzed in Sec. V, we will here give only brief
comments about the performance of the MA. Figure 14(a)
shows that MA is practically useless for « 2 2.5. Here, the
results are not even qualitatively correct, regardless of the tem-
perature. Even for o = 1, the results are still not satisfactory:
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the predictions for T < 4 (T > 9) overestimate (underesti-
mate) the DMFT benchmark. MA proves to be reliable only
for very weak interactions o < 1/+/2. Here, the results are
better for higher temperatures. This is expected as the MA

takes into account only the lowest-order Feynman diagram,
while the relevance of higher-order diagrams decreases as the
temperature is increased. Similar analysis can be repeated for
other phonon frequencies in Figs. 14(b) and 14(c).
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Here we supplement the main text by giving an alterna-
tive derivation of the cumulant function in Sec. I, addi-
tional spectral functions and heat maps in Sec. II, and a
comparison of the 1D ground state energy using DMFT,
CE, SCMA, and MA in Sec. III.

I. ALTERNATIVE DERIVATION OF THE
CUMULANT FUNCTION IN THE CE METHOD

In Sec. XTI of the Supplemental Material in Ref. [S1],
we showed that the Green’s function, if there is only a
single electron in the band, can be written as

Gh(t) = —if(t) {cr(t)el) 7o, (S1)
where:

cx(t) = efltey et (S2a)
H=Hq,+ th =+ Helfph, (S2b)
Hg = —to Z (clcj + H.c.) = Zekclick, (S2¢)

(ig) k
Hpn = wo Z ajai = wy Z aliak, (S2d)

i k
Helfph = _gzczci (CLI + ai)

(S2e)

___9 t ( t >
= —— [ ck lag +al .
/Né k+qk q q

Here, N is the number of sites (we take N — oo in order
to get the thermodynamic limit), while (... )7 ¢ denotes
the thermal average over the states with no electrons

J

Gk(t) _ _’Le(t) e—iekt Z e—n,,wO/T <0777Lp

Z
ph {ny}

The expressions of the form (S6b) have been extensively
studied in the past. As shown in Eq. (6.10) of Kubo’s cu-

—i@(t)e_iskt <Ttefi Jo dtlHeEBph(tl)>

and arbitrary number of phonons

Z{np} <Oa ﬁI)|67th/TJU|Oa ﬁp>
a Z{np}<0’ ﬁp|€_HPh/T‘Oa ﬁp> .

()70 (S3)

For the rest of this section, an arbitrary state with
n, phonons and no electrons (since such state is not
unique) will be denoted by |0,7,), while Z{np} rep-
resents the sum over all possible phonon configura-
tions. We also introduce |k, 7)) = cL|0,ﬁp> and Zp, =
Z{np}<07ﬁp‘e_th/Tlovﬁp>'

Using the fact that |0,7,) is an eigenstate of both
the full and the phononic Hamiltonian H|0,7n,) =
Hpnl|0,7) = npwol0,7,), we see how Eq. (S1) can be
written in a more explicit form

—i0(t)

Gi(t) = ———= Y emonele o/ T(0 iy lee ™ lef |0, 7,).

th (ny}
np
—iHt

The term e can be read off from

t
ettt =it yoxp | =i [l )]
0
(S5)

which represents two different, but equivalent, forms
for the evolution operator in the Dirac picture. Here,
He(ll_)ph is the electron-phonon interaction part of the
Hamiltonian in the Dirac picture and T} is the time-
ordering operator.  For the purely phononic part
e~ et we use (0,7,|e”Hmt = e=womet(( 7|, while
purely electronic part e~*ett is dealt with analogously
(0, fip|cxe™Het = e=1t (0, | c. Hence, Eq. (S4) be-
comes

t
ex Ty exp [—z/ dtlHC(II)ph(tl)] clTc (S6a)
0

o,ﬁp>

(S6b)

Tk

)

(

mulant paper [S2], the expectation value with the time-
ordering can be written as



<Tte_”0 dt: Hoj )ph(t1)> = exp <
Tk

)

where we defined the cumulant function Ck(t). The
notation (...). denotes the so-called cumulant average.
For our present purposes, we only need to know how the
first two cumulant averages are defined:

(X1)e = (X1)
(X1Xo)e = (X1 X2) —

(S8a)

(X1)(X3). (S8b)
In general, the cumulant average is defined using the
ordinary average, by formally expanding the following
expression in the Taylor series with respect to & and
equating, order by order, the terms on the left- and the
right-hand side

<epo§ij> = exp < epoijj — 1> .
j j .
(59)
The —1 term on the right-hand side is motivated by the
fact that the expectation value of the unity operator is
equal to 1. While our paper focuses on the cumulant of
the second order, there is actually an analytic formula
that relates the cumulant average of any order with the

J

:J/ dtl/ dts thk D ont)H L (t2)e T>

For a straightforward application of Wick’s theorem, it
is customary to rewrite electron creation and annihi-
lation operators in the Dirac picture. In order not to
change the already existing time ordering in Eq. (S12),
the annihilation operator is expressed in the final time

J

(1)
Z k1 +011

ki,q1

Ck(t) = 2N wkt/ dtl/ dtg <thk

where we introduced the shorthand notation for the
phonon part Aq = aq + aT_q Eq. (S13) is now straight-
forwardly evaluated using Wick’s theorem. Contraction
between the phonon degrees of freedom gives [S4]

(TAD ()AL (1)) = by —aziD(ty — t2),  (S14)

—i [t dty HD (b)) _ 1>Tk ) = eCk(t)’ (S7)

(

ordinary average [S3].
Let us now go back to Eq. (S6b) and use Eq. (S7) to
obtain

Gi(t) = —if(t)e "ot eCxt) (S10)
where
N7 (
t) - Z t el ph ) .
Jj=1 Tk,c
(S11)

So far, everything was exact. The approximation, that
we now introduce, consists of keeping only the first two
terms in the previous equation (j = 1 and j = 2 terms)
while neglecting everything else. This is known as the
second-order cumulant expansion. In the j = 1 term,
the cumulant average coincides with the ordinary aver-
age (see Eq. (S8a)), and hence vanishes due to Wick’s
theorem. As a consequence, the cumulant average can
be simply replaced by the ordinary average in the case
of j = 2 term as well; see Eq. (S8b). Therefore, the
second-order cumulant function reads as

o (S12)

(

, while the creation operator is ex-

pressed in the initial time C;r( = CL(I)(O). If we also
use the explicit form of Hé{lph(t) from Eq. (S2e), the

Eq. (S12) becomes

o = eisktcff) (t)

VAR (1) 3 gl 2>A&Q<t2>ck<”<o>> ,
k2,q2 T,0

(S13)

(

where iD(t) —to) = (npp +1)e"wolti=tzl g, eiwolts—t2]
is the phonon propagator, while n,, = 1/ (e*o/T — 1) is
the Bose factor. Since we are working in the limit of
vanishing electron density (single electron in a band),
the contraction between the electron creation and anni-
hilation operators does not have a hole part, and hence



reads as
<th§f>(t1)cg<f>(t2)> = Bieq ettt ). (S15)

Taking all of this into account, Eq. (S13) simplifies

2 t t ]
Ci (1) :—;—NZ/O dtl/o dtyetex—ealt=tli (¢, 1),
q

(S16)
We can get rid of the absolute value by noticing that
the contributions for o > ¢; and for t5 < t; are equal.
It is thus sufficient to restrict ourselves to to > ¢; and
multiply everything by 2. Also, the expression can be
further simplified if we use

iler—gatwo)(t2—t1) — / dweﬂw(t?7t1)5(w—|—5k—6q:|:wo).

Then, the whole q dependence is inside the Dirac delta
function, which in combination with the summation
over q gives

Z&(w +ex —eq Two) = Np(w+ex £wp), (S17)
q

where p is the density of states. It is now straightfor-
ward to show that Eq. (S16) reduces to

o ety Gt — 1
Ck(t) = g2/ dwT

— 00

X [(npn + 1) p(w + ex — wo) + nprp(w + ek + wo)] -
(S18)

This expression can be rewritten in terms of the Migdal
self-energy (see Eq. (14) from the main text) as follows

ck(t):f/ P2 ]

—twt .

- (e + dwt — 1).

(S19)
Hence, we gave an alternative derivation of the cumu-
lant function Cy(t), where the self-energy in the Migdal
approximation emerges more explicitly than in Eq. (7)
of the main text.

We note that the cumulant expansion method that we
have now presented is analogous to the linked cluster
expansion for the thermodynamic potential F' in sta-
tistical mechanics. This is a consequence of the same
mathematical form of Cy(t) = In(Gx(t)/Gx,(t)) and
F =1n(Z/Zy), where Z and Z; are the partition func-
tion of the full and noninteracting theories.

oo w



II. SPECTRAL FUNCTIONS

In Sec. III of the main text, we presented spectral func-
tions A(w) and heat maps for wy = 0.5. Here, we present
a large number of results for wg = 1, wy = 0.2, as well as
some additional results for wg = 0.5 that are organized
as follows:

1. Results for wg = 1:

e Fig. S1: A(w) in the weak coupling regime for
a wide range of temperatures and momenta.
e Fig. S2: A(w) in the weak, intermediate and
strong electron-phonon coupling regimes for
k=0and k=m:
—Fig. S2i: k=0at T=04and T = 1.
— Fig. S2ii: k=nmatT=04and T = 1.
— Fig. S2iii: k=0,rat T=2and T =5.
e Fig. S3: A(w) in the weak, intermediate and
strong electron-phonon coupling regimes for
k=m/3 and k = 27/3:
— Fig. S3i: T'=0.4.
— Fig. S3ii: T'=1.
— Fig. S3iii: T=2 and T = 5.
e Fig. S4: Heat maps
— Fig. S4i: T = 0.4.
— Fig. S4ii: T = 1.

2. Results for wg = 0.5:

e Fig. S3: A(w) in the weak, intermediate, and
strong electron-phonon coupling regimes for
k=m/3 and k = 27/3:

— Fig. S5i: T'=0.3.
— Fig. Shii: T'=0.7.
— Fig. Shiii: T=2 and T' = 5.

3. Results for wg = 0.2:

e Fig. S6: A(w) in the weak, intermediate and
strong coupling regimes for k = 0 and k = 7:
— Fig. S6i: k=0at T =0.3 and T = 0.7.
— Fig. S6ii: k=mat T =0.3 and T' = 0.7.
— Fig. S6iii: k=0,7rat T'=2and T = 5.
e Fig. ST: A(w) in the weak, intermediate and
strong coupling regimes for k = 7/3 and k =
27/3:
— Fig. S7i: T =0.3.
— Fig. S7ii: T =0.7.

— Fig. S7iii: T'=2and T = 5.
e Fig. S8: Heat maps:

— Fig. S8i: T'=10.3.

— Fig. S8ii: T'=0.7.
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FIG. S1. (a)—(e) Comparison of CE, DMFT, and SCMA
spectral functions in the weak coupling regime, for a wide
range of temperatures. Here tp = wp = 1 and a = 0.5.
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FIG. S8. Comparison of the CE and DMFT heat maps for to0 = 1 and wo = 0.2.



III. QUASIPARTICLE PROPERTIES

In Sec. IV of the main text, we showed and ana-
lyzed the quasiparticle properties of CE, DMFT, and
SCMA methods. Here we supplement that study by
including the predictions of the Migdal approximation
for the ground state energy in 1D. The results are
shown in Fig. S9. We emphasize that the predictions
of the DMFT benchmark are practically identical to
the exact numerical results [S1]. These results read-
ily demonstrate how much improvement to the simplest
approximation (MA) is provided by including the self-
consistency (SCMA) and by employing the cumulant
expansion method (CE).

_s[ | Solid = DMFT

' | Dashed = CE

. | Dotted = SCMA =
—6- | Dash-Dotted = MA

0 1 2 3 4 5 6
aZ

FIG. S9. Ground state energy within DMFT, CE, SCMA,
and MA for the one-dimensional Holstein model with ¢p = 1.
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Intermetallic narrow-gap semiconductors have been intensively explored due to their large thermoelectric
power at low temperatures and a possible role of strong electronic correlations in their unusual thermodynamic

and transport properties. Here we study the optical spectra and vibrational properties of FeGa; single crystal. The
optical conductivity indicates that FeGa; has a direct band gap of &~ 0.7 eV, consistent with density functional
theory (DFT) calculations. Most importantly, we find a substantial spectral weight also below 0.4 eV, which is
the energy of the indirect (charge) gap found in resistivity measurements and ab initio calculations. We find

that the spectral weight below the gap decreases with increasing temperature, which indicates that it originates
from the impurity states and not from the electronic correlations. Interestingly, we did not find any signatures
of the impurity states in vibrational spectra. The infrared and Raman vibrational lines are narrow and weakly
temperature dependent. The vibrational frequencies are in excellent agreement with our DFT calculations,

implying a modest role of electronic correlations. Narrow Mossbauer spectral lines also indicate high crystallinity

of the sample.

DOI: 10.1103/PhysRevB.107.165151

I. INTRODUCTION

Correlated narrow-gap semiconductors represent a class
of materials known for their large thermopower at low tem-
peratures and other anomalous transport and thermodynamic
properties [1]. Three iron compounds among them, FeSi,
FeSb,, and FeGaj, share some common features, but also
show important differences. FeSi and FeSb, behave as insu-
lators only at temperatures 7* < 100 K which corresponds
to the energy much smaller than the band gap E, ~ 50 meV
[2—4]. A buildup of the in-gap spectral weight at temperatures
kpT* <« E,, clearly seen in optical [5-8] and photoemission
spectroscopy [9], is a signature of strong electronic correla-
tions [10,11]. A crossover from a nonmagnetic insulator to
a bad metal is accompanied by a large increase in the spin
susceptibility which obtains Curie-Weiss form above room
temperature [12,13]. This crossover leaves fingerprints also
in the Raman vibrational spectra which become strongly tem-
perature dependent. The width of vibrational peaks increases
several times in the bad-metal region as compared to the low-
temperature insulating state [14—16]. At temperatures near
10 K there is a large peak in the thermopower |S| [17,18].
The exact role of the electronic correlations, in-gap states,
anisotropy, and phonon drag in colossal thermopower found
in FeSb, remains a subject of various studies and controversy
[19-21].
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FeGasz has a significantly larger band gap, E, ~ 0.4 eV
[22,23], than FeSi and FeSb, due to the stronger hybridization
between 3d orbitals of Fe and 4p orbitals of Ga. The elec-
tronic structure calculations imply modest contribution of
electronic correlations. Density functional theory (DFT) [24]
and LDA+U [23] calculations give almost the same band
structure, while dynamical mean field theory (DFT+DMFT)
[25] gives only slightly reduced band gap. Nevertheless,
the temperature dependence of dc resistivity is nontrivial: it
strongly deviates from a simple activated transport at low tem-
peratures, and features four distinct transport regimes which
are associated with a presence of the in-gap states [22,23,25].
For T <5 K pqg. has a power law temperature dependence
consistent with the variable-range hopping transport driven
by the localized in-gap states. In the interval 20 < 7 < 45K
the charge transport is activated, but corresponds to a small
gap of ~40 meV between the in-gap states and the con-
duction band. Then, following a minimum in pq., there is a
metalliclike transport up to ~80 K which presumably cor-
responds to the regime where most of the in-gap electrons
are already transferred to the conduction band. For T >
300 K the charge transport is activated, consistent with the
wide gap E, ~ 0.4 eV. The measurements show weak sample
anisotropy and weak temperature dependence of magnetic
susceptibility, whereas the DFT4+DMFT calculations give
small mass renormalization, as well as strong charge and spin

©2023 American Physical Society
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fluctuations [25]. A maximum in the Seebeck coefficient |S|
at T ~ 15 K is argued to be a consequence of the phonon-
drag effect [23]. In this picture the in-gap states supply free
charge carriers and the acoustic phonons cause an additional
scattering of the electrons opposite to the direction of a tem-
perature gradient, leading to the large thermoelectric power.
Interestingly, to our knowledge, there has been so far only
one infrared spectroscopy study of FeGas in polycrystalline
samples [26], restricted to room temperature and energies
larger than 90 meV.

In this paper, we present infrared and Raman spectroscopy
study of FeGas single crystal in the temperature range be-
tween 4 and 300 K. The reflectance is measured in the energy
interval between 30 and 24 000 cm~!. The infrared and Ra-
man active vibrational frequencies are in excellent agreement
with our DFT calculations, indicating good crystallinity and a
small influence of electronic correlations. Good crystallinity
is corroborated also by measured Mossbauer spectra. The
most prominent feature of the optical spectra is the existence
of the in-gap states below the charge gap of approximately
0.4 eV. We observe a reduction of the in-gap spectral weight
as the temperature increases to 300 K and conclude that this
spectral weight originates from the impurities. Details of ex-
perimental and numerical methods are presented in Sec. II.
The results are shown in Secs. IIl and IV contains our
conclusions.

II. METHODS

Single crystals of FeGas were grown as described previ-
ously [22]. For infrared measurements a small crystal was
polished until a smooth surface of about 3 mm? area was
obtained, then mounted on a helium-flow optical cryostat.
The temperature dependence of reflectance was measured
between 30 and 24 000 cm™', using a combination of
two Fourier-transform infrared spectrometers: a Bruker 113v
for far infrared (30-600 cm~!) and a Bruker Vertex 70,
with extended spectral range, from midinfrared to visible
(10024 000 cm™!). Reflectance in visible and ultraviolet
(12 000-50 000 cm~!) was measured at room temperature
only, using a Perkin-Elmer 650 UV /VIS grating spectrometer.
As no temperature dependence was observed above about
12 000 cm™', all temperatures were merged with room tem-
perature data in visible and ultraviolet parts of the spectrum.
To capture correctly the width and line shape of lattice vibra-
tions, the far-IR data were taken with a resolution of 0.5 cm™!,
while 2 cm ™! or larger values were used at higher frequencies.
Both gold and aluminum mirrors were used for reference,
and in order to correct for surface roughness the sample was
also gold coated, using a commercial Ted Pella Cressington
108 sputtering machine. Because of the polishing involved,
the precise orientation of the electric field (polarization) with
respect to the crystallographic axes of the samples is not
clearly defined, hence we cannot discuss potential anisotropic
optical properties.

Raman scattering measurements were performed using a
TriVista557 Raman system, equipped with a nitrogen-cooled
CCD detector, in backscattering micro-Raman configuration.
Grating configuration was 1800/1800/2400 grooves/mm, in
order to achieve the best possible resolution. The 514.5-nm

line of an Ar+/Kr+ gas laser was used as an excitation source
and a microscope objective with factor 50 magnification was
used for focusing the beam. All measurements were carried
out with laser power less than 1.5 mW at the sample, in order
to minimize local heating. Room temperature measurements
were done in air, whereas for low temperature measurements
the sample was placed in a KONTI CryoVac continuous flow
cryostat, with a 0.5-mm-thick window. Spectra were corrected
for the Bose factor.

The 3’Fe-Mossbauer spectrum of the FeGas pow-
dered sample was measured at room temperature in high
(& £9 mm/s) and low (= £2 mm/s) Doppler velocity range.
The spectra were collected in standard transmission geometry
in constant acceleration mode using a >’Co(Rh) source. The
Doppler velocity scale was calibrated by using the Mossbauer
spectrum of metallic «-Fe. The spectra were fitted by the
RECOIL program [27]. The center shift value (CS) is quoted
relative to the a-Fe (CS = 0).

First-principles DFT calculations of electronic structure
and phonon frequencies were performed using the open-
source QUANTUM-ESPRESSO package [28,29]. We employed
the ultrasoft Vanderbilt-type pseudopotentials with Perdew-
Burke-Ernzerhof exchange and correlation functional. For
the Fe atom we considered 3s, 3p, 3d, and 4s as valence
electrons (in total 16), while the Ga valence electrons were
taken to be the electrons from 3d, 4s, and 4p orbitals (in
total 13). Thus, a minimum of 110 bands was needed to
perform the calculations since we have four formula units per
unit cell, but we nevertheless considered 128 bands, which is
a very convenient number for parallelization purposes. The
plane wave kinetic energy cutoff was set to 70 Ry, which
proved to be sufficient for all our calculations. The ionic re-
laxation, self-consistent, and normal mode calculations were
performed using the Monkhorst-Pack scheme, with the k mesh
of 8x8x 8, which corresponds to 75 k points in the irreducible
part of the Brillouin zone. On the other hand, the density of
states (DOS) calculation requires a much larger number of k
points in order to be accurate, and hence we performed the
non-self-consistent calculation with a k mesh of 12x12x 12 in
order to calculate the DOS. We used density functional pertur-
bation theory (DFPT) [30] in order to calculate the vibrational
frequencies.

III. RESULTS

We first present the band structure calculations. These re-
sults are known from the literature, but we nevertheless show
them for completeness and in order to put into context the
analysis of the experimental data that follow. Then we present
optical, Raman, and Mdssbauer spectra.

A. DFT band structure

The semiconductor FeGajz belongs to the P4,/mnm space
group and it has a tetragonal P-type lattice with lattice pa-
rameters a=6.2628(3) A and ¢=6.5546(5) A [31]. In the DFT
calculations we used the lattice parameters from the experi-
ment and relaxed only the fractional coordinates of the atoms.
These coordinates, shown in Table I, are only slightly adjusted
from their measured values.
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TABLE 1. Nonequivalent atomic positions from the DFT
calculation.

Atom P4n2 X y z
Fe 4f 0.34367 0.34367 0
Gal 4c 0 0.5 0
Ga2 8 0.15575 0.15575 0.26295

Figure 1 shows the dispersion relations and the density of
states, calculated along the k path Z-R-A-Z-I'-X-M-T" in the
Brillouin zone. Our results are very similar to previous work
[23,32], showing that FeGaj is an indirect-gap semiconductor
with the calculated band gap of 0.44 eV. The bands around the
Fermi level are formed from the hybridized Fe 3d and Ga 4p
orbitals.

B. Optical conductivity and infrared vibrational modes

The reflectance R(w) measured at several temperatures
between 25 and 300 K is shown in Fig. 2(a). Note that the
spectra are shown on a logarithmic frequency scale so that
we can distinguish both the low- and high-frequency features.
The low-frequency reflectance is close to 1 which indicates a
possible presence of the in-gap states that we will discuss in
detail below. The far-infrared frequency region is shown on a
linear scale in the inset. The peaks in R(w) correspond to the
infrared-active vibrational modes.

A better insight into the excitation spectrum can be ob-
tained from the real part of the optical conductivity o (w). It
corresponds to the imaginary part of the dielectric function,
o1(w) = wey(w)/4m, describing the absorption of electro-
magnetic radiation [33,34]. Figure 2(b) shows o} (w) obtained
from the Kramers-Kronig transformation of R(w). As this
transformation involves integration of R(w) from zero to in-
finity, we used extrapolation of our measurements. At high
frequency (w — 00), the data were bridged with calculations
of the dielectric function based on the x-ray photoabsorp-
tion, following the procedure described in Ref. [35]. For
® < 30cm™! we set R(w) =R (30cm™"), but we checked
that o} (w) is not sensitive to the precise form of R(w) in the

Energy (eV)

25
DOS

FIG. 1. DFT band structure of FeGa; and density of states in
units states/(eV f.u.).
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FIG. 2. Reflectance (a) and optical conductivity (b) as a func-
tion of frequency in the whole measured frequency range at several
temperatures. The insets show the low-frequency data on a linear
scale.

limit @ — 0. The same result is obtained using the Hagen-
Rubens formula, R(w) =1 — A/w, where A is a constant
adjusted to fit the first several points from the measurements
[33,34].

The optical conductivity at 25 and 300 K is shown in Fig. 3
on a linear energy (frequency) scale in units of eV. oy(w)
rapidly decreases for frequencies fiw < 0.9eV (7000cm™").
This is consistent with the DFT band structure shown in Fig. 1.
It gives the smallest direct gap of 0.67 eV near the Z point
in the Brillouin zone, but in many regions of the Brillouin
zone the gap is between 0.7 and 0.9 eV. At fiw = E, ~ 0.4 eV
the spectral weight is significantly reduced, yet it remains
substantial also at fiw < E,. We note that we did not attempt
to calculate the optical spectra since a reliable calculation
requires us to include the particle-hole interaction on a level
of the Bethe-Salpeter equation, which is a very challenging
task even for weakly interacting semiconductors [36,37]. A
calculation of the optical spectra of FeGajs in the independent-
particle approach poorly compares with our experiments [24].
On the other hand, our optical spectra for fiw 2 0.5 eV are
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FIG. 3. Optical conductivity as a function of frequency at 25 and
300 K. The inset shows the infrared vibrational modes which are fit-
ted by 11 Lorentzians. The green line corresponds to the cumulative
fit.

in rather good agreement with the spectra on polycrystalline
samples of Ref. [26].

Evidence that the spectral weight below E, has origins
in the impurity states can be obtained from analysis of the
temperature dependence of oj(w). At finite temperatures, in
a standard band gap semiconductor a small spectral weight
would appear just below E, due to the phonon assisted excita-
tions. The same amount of the spectral weight would recover
just above the band edge, where the absorption becomes
slightly lower due to the finite hole (electron) concentration
in the valence (conduction) band at finite temperatures [33].
On the other hand, in FeSi and FeSb, a spectral gap is closed
at higher temperatures due to the strong correlation effects. In
this case, transfers of the spectral weight occur over the energy
range much larger than the band gap. However, in our case
the spectral weight at 7 = 300K is reduced both below and
above E, [see Figs. 2(b) and 3]. The reduction of the spectral
weight below E; should correspond to the depopulation of
the impurity band, which leads to the reduction in the light
absorption for subgap energies [25]. Hence, we conclude that
the spectral weight below E, is due to impurity states. We
note that a small surplus of Fe atoms in comparison to the
stoichiometric ratio is found in wavelength dispersive x-ray
spectroscopy [23]. Our conclusion is in line with the statement
that the transfer of the electrons from the impurity states
to the conduction band is a likely cause of the anomalous
dp/dT > 0 resistivity temperature dependence around 100 K
[20,25].

We now turn our attention to the far-infrared part of the
spectrum from 50 to 350 cm~!, which contains infrared vi-
brational modes. From the inset of Fig. 2(b) it appears that
most of the phonon peaks are rather broad. However, that is
not the case since several peaks, in fact, consist of two vi-

TABLE II. Irreducible representation of infrared-active modes
and their frequencies. The measured frequencies are obtained at
300 K. Numerical values are obtained within DFPT calculation.

Irred. rep. Expt. (cm™!) Calc. (cm™")
E? 69.00 76.08
Al 113.50 107.61
E> 117.50 116.18
El‘f'(’ 149.85 161.78
A2 1622 162.28
E7$ 166.99 168.69
ES10 199.50 201.71
EN 231.50 229.45
E 275.00 281.2
A 287.30 296.61
E516 332.50 329.0

brational modes with very close frequencies. The space group
P4, /mnm has the corresponding point group Dgj(4/mmm).
Thus, all the normal modes are classified according to ir-
reducible representations of Dy, (4/mmm). The factor group
analysis predicts 12 Raman and 11 infrared-active modes,
along with ten silent and two acoustic modes:

IRaman = 3A1g + 4Eg + 2By + 3By,
I'r = 3Ay, + 8E,,
Dgilent = 2424 + 2A2, + 4By, + 2By,
Lacoustic = Aoy + E. (H

The experimental data at 300 K are fitted with 11 Lorentz
profile lines. Their cumulative contribution to the spectra is
shown in green color in the inset of Fig. 3. A complete list
of the corresponding phonon frequencies is shown in Table II.
These frequencies were obtained at 300 K, but we see from
the inset in Fig. 2(b) that the temperature dependence of the
frequencies is weak. The changes are of the order of 1% in
the temperature range between 25 and 300 K. The frequen-
cies calculated within DFPT are in excellent agreement with
measured frequencies. This implies that a crystallinity of the
sample is very good, even though some surplus of Fe iron
atoms is expected in comparison to the ideal composition [23].
In addition, excellent agreement between the calculated and
measured frequencies indicates that the electronic correlations
beyond the DFT are not strong, in line with the conclusions
from DFT+U [23] and DFT+DMFT [25] calculations.

C. Raman spectra

There are 12 Raman-active modes in FeGaj [see Eq. (1)].
Wyckoff positions of the atoms, their contributions to the
I'-point phonons, and the corresponding tensors for Raman
active modes are given in Table III. Since observability of the
Raman-active modes in backscattering configuration of the
experiment strongly depends on the orientation of the sample,
we first performed orientation dependent measurements. This
was done by rotating the sample in the steps of 10°. The ori-
entation of the sample which provided the best observability
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TABLE III. Contributions of each atom to the I"-point phonons
for the P4,/mnm space group and the corresponding tensors for
Raman active modes.

TABLE IV. Experimental Raman frequencies measured at 100 K
and the corresponding values calculated within DFPT.

Irred. rep. Expt. (cm™") Calc. (cm™")
Space group P4, /mnm E;’z 2681
Atoms Irreducible representations B! . 127.99 125.52
Fe (4f) Ajg +Asg + Ay + By, E}* 138.96 139.06
+Bi, + By + Eg + 2F, Al, 146.58 145.89
G 3 YR A S 16167 to151
/ Py SN RS YA T 179.01 165.09
a 00 c 0 0 0 d 0 A, 180.12
Ap=[0 a o] B,=[0 - 0 By=[d 0 0 ng 238.27 239.62
00 b 0 0 0 000 E]® 264.40 258.94
c 0 0 0 0 —e Bi, 269.28 262.96
'E,=10 0 e] %E,=| 0 0 0O ng 321.43 318.53
0 e 0 e 0 0 A3 331.80 32241

of Raman modes of various symmetries was used in further
measurements.

Raman spectra of FeGaj single crystals, measured from
the (011) plane of the sample, at temperature 7 = 100 K,
for polarization angles within the range of 0° and 180° are
presented in Fig. 4. We have identified 10 out of 12 Raman ac-
tive modes. The assignation of modes was done in accordance
with DFT calculations and polarization measurements. Peaks
that exhibit the same polarization dependence were assigned
with the same symmetry. Consequently, peaks at 146.58 and
331.80 cm™! were assigned as A, and peaks at 127.99 and
269.98 cm~!' were assigned as Big. The phonon lines at
138.96, 179.01, and 264.40 cm ™' are assigned as E,, whereas
modes at 161.67, 238.27, and 321.43 cm™! correspond to
the B,, symmetry modes. The full list of measured phonon

T=100 K Al FeGa, Polarization angl(()eO
E5,6
9
B] i 180°
g2 =l gt
| o W
) vy
gﬂ,mw L.J‘u ‘
= el !
x - i M
| M I
- 1 M
S=s=a
il -
- A
=i
wg 1 1 1 1 1
100 150 200 250, 300 350

Raman shift (cm™)

FIG. 4. Polarization-dependent Raman spectra of FeGaj single
crystals. Measurements were performed with measuring step of 10°
at temperature 7 = 100 K.

frequencies, along with their calculated values, is shown in
Table IV.

There is a very good agreement between experimental and
calculated phonon frequencies, with a discrepancy of less than
8%. A close match in experimental and theoretical results
is not surprising knowing that the investigated material is
semiconducting, with moderate electronic correlations. All of
the observed phonon lines are sharp, with the full width at half
maximum (FWHM) & 2 cm™', and weakly temperature de-
pendent. This indicates a good crystallinity of the sample and
absence of a metal-insulator transition or magnetic ordering.

Relative transmission

UL L
8 4 0 4 8
Velocity (mm/s)

Relative transmission

-1.5 -10 -05 0 0.5

Velocity (mm/s)

1.0 15 20

FIG. 5. Room temperature °’Fe-Mossbauer spectra of the FeGas
sample recorded in the low-velocity range. Experimental data are
presented by the solid circles and the fit is given by the red solid line.
The difference (Calc. — Expt.) is shown by the dark gray line at the
bottom of the figure. The vertical arrow denotes the relative position
of the lowest experimental point with respect to the background
(relative absorption of 1.70%). The absolute difference is less than
0.05%. The inset shows the room temperature spectrum of the FeGa;
sample recorded within the high-velocity range. The orange line is
just a guide for the eye.

165151-5



C. MARTIN et al.

PHYSICAL REVIEW B 107, 165151 (2023)

D. Maéssbauer spectra

The 3"Fe-Mdssbauer spectroscopy was used to investigate
quality and ordering of the prepared sample and to check
for the presence of Fe-based impurity phases. The >’Fe-
Mossbauer spectra of the FeGas are presented in Fig. 5.
The spectrum recorded in the low-velocity range showed two
absorption lines (doublet). In the spectrum recorded in the
high-velocity range, beside the observed doublet, there is
no indication of the magnetic hyperfine splitting. The thick-
ness corrected FeGas spectrum recorded in the low-velocity
range was fitted with one Lorentzian-shaped doublet using
the RECOIL program [27]. The obtained Mossbauer parameters
for the measured doublet are center shift CS = 0.28 mm/s,
quadrupole splitting A = 0.31 mm/s, and FWHM of the
Lorentzian lines is 0.22 mm/s. The obtained results closely
match the hyperfine parameters for FeGas from the literature
[38—42]. A very small broadening of the resonance lines ob-
served in the experiment is a strong indication that the sample
is very well ordered and of high crystallinity.

IV. CONCLUSIONS

In summary, we have performed optical, Raman, and
Mossbauer spectroscopy measurements of a narrow-gap
semiconductor FeGas, along with DFT band structure and
vibrational frequencies calculation. We find that the optical
conductivity decreases for frequencies below fiw ~ 0.9 eV
consistent with the direct band gap observed in DFT cal-
culations. Our most important finding is the appearance of
the optical spectral weight below the charge (indirect) gap
E, ~ 0.4 eV. At room temperature the spectral weight below
E, diminishes as compared to the one at T = 25 K. Therefore,

we conclude that this spectral weight originates from the
impurities and not from the correlation effects. Interestingly,
we do not find signatures of the impurities in the vibrational
spectra. Both the infrared and Raman lines are very narrow,
as well as the Mossbauer spectral lines, which implies a good
crystallinity of the sample. The calculated vibrational frequen-
cies are in a very good agreement with the measurements,
which indicates that the electronic correlations in FeGaj are
not strong, in line with previous studies.
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The coupling of Frenkel excitons (FEs) and intramolecular vibrations in an organic
layer as a part of microcavity has been studied in the paper. Two cases are treated:
a) uniaxial layer of point group 4 (optical axis is supposed perpendicular to the
layer); b) monoclinic anthracene-like layer with monoclinic axis b perpendicular
to the layer. The exciton-phonon coupling produces the vibronic wings with com-
plex spectra which can contain bound exciton-phonon states and many-particle
(unbound) bands. Consequently in those regions the absorption lines and the res-
onance members in dielectric tensor appear. We treat theoretically their effects
on the polaritons in the microcavity and illustrate using numerical calculations
the peculiarities of the polaritonic spectra in the vibronic wings of Frenkel exci-
tons.
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Spectral functions of the Holstein polaron: exact and
approximate solutions

Authors: Petar Mitri¢!; Veljko Jankovié¢'; Nenad Vukmirovié¢'; Darko Tanaskovi¢!

! Institute of Physics Belgrade, University of Belgrade

Presenter: P. Mitri¢ (mitricp@ipb.ac.rs)

It is generally accepted that the dynamical mean field theory (DMFT) gives a good
solution of the Holstein model [1], but only in dimensions greater than two. Here
we show that the DMFT, which becomes exact in the weak coupling and in the
atomic limit, provides an excellent numerically cheap approximate solution for the
spectral function of the Holstein model in the whole range of parameters even in
one dimension. To establish this, we made a detailed comparison with the spectral
functions that we obtained using newly developed momentum-space numerically
exact hierarchical equations of motion method, which yields electronic correlation
functions directly in real time [2]. We crosschecked these conclusions with our path
integral quantum Monte Carlo and exact diagonalization results, as well as with the
available numerically exact results from the literature [3].
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Cumulant Expansion in the Holstein model:
Spectral Functions and Mobility

Petar Mitri¢?, Veljko Jankovic¢?, Nenad Vukmirovi¢* and Darko
Tanaskovié?

“Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

Abstract. The cumulant expansion (CE) method presents an alternative to the usual Dyson equation
approach for the calculation of spectral functions and quasiparticle properties of interacting quantum
many-particle systems. We examine the range of validity of this method by implementing it in a
system described by the simplest electron-phonon model Hamiltonian - the Holstein model [1].
For a benchmark, we use the dynamical mean-field theory (DMFT) [2] which gives, as we have
recently shown [3], rather accurate spectral functions in the whole parameter space. The results are
also compared to the one-shot and the self-consistent Migdal approximation. While CE is exact in
both the weak-coupling and the atomic limit, we find that even in a regime of intermediate coupling
in 1D, the CE resolves well both the quasiparticle and the first satellite peak of the spectral function.
CE also gives promising results for high temperatures, but it is not exact in the limit 7 — oo, which
is proved analytically by analyzing the spectral sum rules.

Charge mobility u is also calculated, using the bubble approximation of the Kubo formalism. At
high temperatures, we demonstrate that it assumes a power law, which is different in the limit of
weak coupling pt o T~2, and in the case of somewhat stronger coupling i o T-3/2,
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Results of the Conference

Beside printed «Programme and the Book of Abstracts», which is disseminated to all
conference participants, selected and awarded peer-reviewed papers will be published in
journal “Tehnika — Novi Materijali”. The best presented papers, suggested by Session
Chairpersons and selected by Awards Committee, will be proclaimed at the Closing
Ceremony. Part of the award is free-of-charge conference fee at YUCOMAT 2023.
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Infrared and Raman study of narrow-gap semiconductor FeGaz

C. Martin®, V. A. Martinez?, M. Opagi¢®, S. Djurdji¢-Mijin®, P. Mitri¢3, A. Umicevi¢*, V. N.
Ivanovski‘, A. Poudel®, I. Sydoryk®, Weijun Ren®, R. M. Martin®, D. B. Tanner?, N.
Lazarevi¢®, C. Petrovic®, and D. Tanaskovi¢?

'Ramapo College of New Jersey, Mahvah, NJ 07430, USA, “Department of Physics,
University of Florida, Gainesville, Florida 32611, USA, *Institute of Physics Belgrade,
University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia, *Vinca Institute of Nuclear
Sciences — National Institute of the Republic of Serbia, University of Belgrade, Belgrade,
Serbia, *Brookhaven National Laboratory, NY 11973, USA, ®°Montclair State University,
Montclair, NJ 07043, USA

Narrow-gap semiconductors have been intensively studied in the last few years due to their
huge thermoelectric power at low temperatures and possible impact of strong electronic
correlations on their physical properties. Here, we analyse infrared and Raman spectra of
FeGaz single crystal. The optical conductivity obtained from reflectance measurements
suggests an indirect energy gap of around 0.4 eV, although the existence of substantial
spectral weight at low energies prevents its precise determination. The energies of Raman
and infrared active modes obtained by our DFT calculations agree very well with the
experimental results. Temperature dependence of Raman mode energies and linewidths is
weak between 80 and 300 K, indicating the absence of any phase transition. Most of the
vibrational modes are very narrow due to weak electron-phonon and/or spin-phonon
interactions, and good crystallinity of the single crystal, which is also confirmed by the
Maossbauer spectra.
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