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We describe two approximation methods designed to capture the leading behavior of the low-energy tail of the
momentum-dependent spectral density A(k, E') and the tunneling density of states D(E) for an injected particle,
such as an electron or an exciton, interacting with a bath of phonons at a nonzero initial temperature 7', including
quantum corrections due to the nonzero frequencies of the relevant phonons. In our imaginary-time-dependent
Hartree (ITDH) approximation, we consider a situation in which the particle is injected into a specified coherent
state of the phonon system, and we show how one can use the ITDH approximation to obtain the correlation
function C(7) for that initial state. The thermal average C(7) is obtained, in principle, by integrating the result
over all possible initial phonon coherent states, weighted by a thermal distribution. However, in the low-energy
tail, one can obtain a good first approximation by considering only initial states near the one that maximizes
the integrand. Our second approximation, the fixed-wave-function (FWF) approximation, assumes that the wave
function of the injected particle evolves instantaneously to a wave function which then is independent of time,
while the phonon system continues to evolve due to interaction with the particle. We discuss how to invert the
Laplace transform and how to obtain A(k, E') as well as D(E) from the imaginary-time analysis. The FWF
approximation is used to calculate D(E) for a one-dimensional continuum model of a particle interacting with
acoustic phonons, and effects due to the quantum motion of phonons are observed. In the classical phonon limit,
where the nuclear mass is taken to infinity while the elastic constants and other parameters are held fixed, the
dominant behaviors of both the ITDH and FWF approximations in the low-energy tail reduce to that found in

the past for a particle in a random potential with a Gaussian statistical distribution.

DOLI: 10.1103/PhysRevB.107.224311

I. INTRODUCTION

In 1957, Rashba and Davidov published an article in
Ukrainian in the Ukrainian Physical Journal on optical absorp-
tion in a molecular crystal with a weak interaction between
excitons and phonons [1]. Also in 1957, Rashba published a
pair of articles in the Russian journal Optika i Spektroskopiya
on the theory of electronic excitations interacting with lattice
vibrations in a molecular crystal [2,3]. These articles consid-
ered cases of both light and heavy excitons, distinguishing
excitons whose bandwidth in the absence of lattice distortions
is large or small on a scale depending on the strength of
the particle-phonon interactions, with particular attention to
the case of strong interactions. The three papers considered
one-dimensional chains as well as three-dimensional crystals.

An important question, addressed in Ref. [1], was how do
phonons affect the line shape for optical absorption associated
with the creation of an exciton, at finite temperatures as well
as at 7 = 0? In simple cases, the optical absorption for a
photon of frequency w will be proportional to the momentum-
resolved spectral density A(K, E') at energy E = hiw for an
exciton injected with momentum k = 0. A related quantity is
the tunneling density of states D(E) for a particle such as an

“halperin@g_harvard.edu

2469-9950/2023/107(22)/224311(18)

224311-1

exciton or an electron injected at a single point, which is equal
to the integral of A(k, E) over all values of the momentum k.

Reference [1] and many subsequent works have examined
the absorption line shape near the peak of the spectrum, where
the absorption is relatively large, or in the high-energy tail,
where the absorption falls off as an inverse power of the
energy. In general, these regions of the spectrum can be un-
derstood by using perturbation theory or related diagrammatic
methods to treat exciton-phonon interaction. In the present
paper, however, we shall be concerned with the low-energy
tail of the spectrum, where the density of states is very small
and the absorption is very weak. This is a region where meth-
ods based on perturbation theory are generally inadequate and
other approaches must be used.

In many insulating materials, particularly alkali halides and
other materials with a relatively large band gap and tightly
bound excitons, the optical-absorption coefficient at photon
energy E, for a range of temperatures T, has been fit by the
empirical Urbach formula:

a(E) = ape 7B BT 6))

where «g, o, Ey are material parameters, with, typically,
o &~ 1. (See, e.g., [4-6] and references therein. We use units
where kg = h = 1.)

Attempts to explain (1) have generally treated the phonon
bath as giving rise to lattice distortions that can be treated as
static on the timescale of interest for the absorption process.
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In this case, the problem reduces to the model of a parti-
cle interacting with a potential that obeys Gaussian statistics
with variance that will be proportional to T, for T >> wp/2,
where wpy, is a characteristic phonon frequency [7-9]. The
low-energy tail is then produced by processes in which the
exciton is injected in a region where a thermal distortion has
led to a reduction in the local energy gap.

For T < wpn/2, it is clear that quantum motion of the
lattice should be taken into account, and one might expect
significant corrections to the classical phonon picture. Indeed,
observations do not necessarily conform to Eq. (1) at low
temperatures. In some cases, the law has been seen to apply
with the replacement of T by an effective temperature 7 that
is of the order of wyn/2 at low temperatures. However, it is
not clear whether the observed low-temperature behavior is
controlled by phonons or whether the effects of impurities
must be taken into account.

Explanations of Urbach’s rule have been only partially
successful, even at high temperatures where the classical
phonon approximation is presumably valid. Typically, theo-
retical analyses predict an absorption tail of the form

(E) ~ a7 @)

where the function 4 is independent of 7, and «; varies
relatively slowly with E and T [8,10,11]. However, A is not
a perfectly linear function of E in any obvious model, and
there is no clear reason why dh/dE should turn out to be
very close to 1. Nevertheless, numerical calculations have
produced absorption curves that are in rather good agreement
with (1) in at least some instances [5,6].

In the present paper, we shall not attempt to provide
further insight into the remarkable validity of (1) in the high-
temperature regime. Rather, we wish to explore methods for
including the dynamic effects of lattice vibrations at tem-
peratures where they might become important. We introduce
two related approximations, which we expect will describe
the most important dependences of the spectral density and
tunneling density of states (on a logarithmic scale), in the
region of the low-energy tail, in a system without impurities.
We note that impurities may well be important in many cases,
and indeed there have been many theoretical investigations
of low-energy behavior of D(E) and A(k, E) for particles
in a random potential due to impurities [8,10,12—16]. Nev-
ertheless, we believe that it is important at least as a matter
of principle to understand the effects of phonons in an ideal
system.

The effects of phonon interactions on the behavior of
an isolated electron or exciton have been studied exten-
sively over the years in the context of the polaron problem.
These investigations have largely concerned such questions
as the phenomenon of self-trapping in the presence of strong
particle-phonon interactions, and the binding energy and ef-
fective mass of the resulting polaron, as well as polaron
mobility at low temperatures, rather than the spectral proper-
ties of interest to us here (cf. [17-19] and references therein).
The concept of self-trapping will play a role in the discussion
below, however.

Our principal approach to the low-energy tail problem
makes use of correlation functions in imaginary time of the
particle creation and annihilation operators, which are Laplace

transforms of the density of states and spectral densities in
which we are interested. After defining our model in the
following section, we discuss a procedure for inverting the
Laplace transform that is applicable to the low-energy be-
havior of the functions we wish to calculate. In Sec. IV we
describe our principal approximation, which we denote as the
imaginary-time-dependent Hartree (ITDH) approximation. In
Sec. V we describe a fixed-wave-function (FWF) approxi-
mation, which we expect to be less accurate than the ITDH
approximation but easier to apply. In Sec. VI we discuss
the behavior of these approximations in the classical phonon
limit, where we find that the two approximations are essen-
tially equivalent and are closely related to previous studies of
the low-energy tail in a Gaussian random potential. The FWF
approximation is applied in Sec. VII to a one-dimensional
model of a particle interacting with quantum-mechanical
acoustic phonons in the continuum limit. While the bulk of
our paper is focused on obtaining an optimum estimate of
the tunneling density of states D(E), the analysis is easily
extended to predict the momentum-dependent spectral density
A(k, E). This is discussed in Sec. VIII A.

Although our paper is presented largely in the context of
one-dimensional models, the methods should be useful, with
some possible modifications, for three-dimensional problems.
These are discussed in Sec. VIII B.

In Appendix A, we present a derivation of the imaginary-
time-dependent Hartree equations of motion. Some higher-
order corrections, which contribute preexponential correc-
tions to the density of states in the classical phonon limit, are
discussed in Appendix B. Other Appendixes discuss details
of the density of states maximization related to a modified
form of the FWEF, statistics of the potential fluctuations in
a thermal ensemble with and without quantum corrections,
and an additional method for obtaining D(E) in the FWF
approach.

Our principal results are summarized in Sec. IX.

II. MODEL

We consider here a one-dimensional model of particles
and phonons on a lattice. We assume lattice constant a, with
periodic boundary conditions and N >> 1 sites, giving total
length L = Na. We assume a Hamiltonian of the general form

H =H, +H, + H,, 3)
H, =" ecicr. )
k
H, =Y waa, )
k

Heyp=a) Y wlvOual + 2% a_)e™,  (6)
k X

where €, and w; are dispersion relations for particles and
phonons, respectively, ¢, (a) and CZ (aZ) are annihilation and
creation operators for a particle (a phonon) with momentum
k, while X; is the coupling strength for interaction between a
particle and a phonon with momentum k, and /] is a creation
operator for a particle on a lattice site at position x = na, with
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n an integer:
W; =L Z e_ikxc,t. (7
k

We are using a normalization such that

W, U1 1s = Y] FULY = a '8, 8)

with — for a boson and + for a fermion, which will facilitate
passing to the continuum limit, replacing a ) by [ dx. We
shall assume the Hamiltonian is time-reversal invariant, so
Aok = AL

It will be helpful to rewrite the coupling constants Aj as

A = @NMay)™ "y, ©

where M is the nuclear mass. Then y; will remain constant
if we vary M while keeping fixed the elastic constants M a),f
and keeping fixed the deformation potential felt by a particle
for a given displacement of the atoms. The classical phonon
model can then be described by taking M to infinity and wy —
0, keeping y; fixed. The coefficients A; have dimensions of
energy, while y; has dimensions of energy per unit length.
We wish to calculate the low-energy tail of the particle
density of states D(E'). Specifically, we consider an initial
state described by a thermal distribution of phonons, with no
particle present, described by the initial density matrix

w=2z"e M, (10)

where Z = tre #/T | and we wish to calculate the distribution
of possible energy changes produced by the added particle. If
we work in the basis of exact eigenstates of H, then we may
write

DE)=Z""Y Y WfIW 1)P8(E — Ef + Epe™™/7,
Foi
(1

where xj is an arbitrary point on the lattice, and the sum is
over eigenstates of the Hamiltonian with no particle present
for the state i with energy E; and one particle present for the
state j with energy E;. The result will be independent of the
choice of xj, as the model is translationally invariant.
Alternatively we may calculate the correlation function

[ee]

C(t) = tr (e"yrye™™ 'yl w) = / e "ED(EYdE, (12)

—00
or its imaginary-time version

C(x) = C=it) = tr (e Tyl w)

oo
= / e "ED(E)E. (13)
—00

In principle, if C(t) is accurately known, it can be analytically
continued to obtain €, which can then be Fourier-transformed
to obtain D(E). However, an approximate solution at real
times would not be useful for obtaining the low-energy tail
because the Fourier transform would be very unstable to small
errors due to the oscillating nature of the integrand. In the
following section, we argue that knowing C(t), we can in fact
directly obtain a good estimate of the low-energy tail of D(E)
under appropriate circumstances.

The momentum-dependent spectral density A(k, E) is de-
fined by replacing the operator w;fo in Eq. (11) with the

operator ¢ ;: .

Ak, E) =Z"" Y I f1efl)P8(E — Ef + Ee /T
if

Similarly we may define a momentum-dependent correlation
function C(k, ) by replacing v, and w;o in (13) by ¢ and c;[.
The function C(k, t) will be the Laplace transform of A(k, E):
o0

e "EA(k, E)dE.

oo

Clh,7) =tr (" cre™ e w) = /

III. INVERTING THE LAPLACE TRANSFORM
Let us write C(t) and D(E) in the form
C(r)=e", D(E)=E; e/, (14)

where Ej is a characteristic energy, such as the width of the
peak of the spectral density A(k, E') at k = 0. The low-energy
tail is a region of energies less than some energy E; that is
of order E, below the nominal bottom of the band where
we have f(E) < —1 [such that D(E) is small enough] and
fI(E)>Ey ! [such that D(E) decreases rapidly with decreas-
ing E]. We shall make the additional assumption here that
f"(E) < 0 for all E < E, which, following a Halperin-Lax-
type analysis, should be a good assumption for d = 1 and
marginally valid for d = 2, but generally false for d = 3.
(Possible modifications to handle the case of d = 3 will be
discussed in Sec. VIIIB.)

Under these circumstances, Laplace’s method can be used
to evaluate the integral (13); the integral should be dominated
by the region near the maximum of the integrand, where E
takes on the value E., for the given t, such that

fl(E:)=r1. (15)
In the neighborhood of E;, we can expand f as
f(E. +8E) = f(E;) + T8E + (8E)*(dt /dE.)/2 + - - - ,
(16)
with dt /dE, = f"(E;) < 0. If we ignore terms higher-order
in 6E, we may evaluate the integral in (13) with the result

172

dE
C(t) ~ D(E;)e "F 2n ——=
dt

a7

Defining tx by the equation 7z = f'(E), we may invert the
above equation to give

dig 1/2

D(E) ~ 2n)~V2C(1p)e™E T

(18)

In the low-energy tail, we expect that the last factor in the
above equation should have a weaker dependence on E than
the earlier factors, because t depends linearly on f’, whereas
the other factors depend exponentially on f. Ignoring the last
factor, we see that if the function C(t) is known, then 7z can
be obtained from the requirement that at T = 7z,

dInC

E=——. (19)
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Also,

dg inc\"'
S =) . 20
dE < dt? ) 0)

If the zero of energy is chosen at the bottom of the unper-
turbed electron energy band, then E will be negative in the
low-energy tail, and dC/dt will be positive. Moreover, large
negative values of E will correspond to large positive values
of T.

The above arguments can be made more precise if one can
define a small parameter ¢, such that in the limit ¢ — 0, with
E held fixed,

¢ InD(E) — f(E), 1)

where f(E) is independent of ¢. Laplace’s method becomes
exact in the limit { — 0.

For the systems we consider here, we find that for E
lower than the minimum of the unperturbed spectrum ¢, the
function D(E) can be written a form similar to (21) in the
limit where T and M~ are small, while material parameters
such as y;, €, and M a),f are held fixed. Note that the phonon
frequencies will be proportional to M /2, In the case in which
T is comparable to or larger than the typical frequency wpy of
the phonons most important for states in the low-energy tail,
the parameter ¢ will scale proportional to 72T, where 7 is a
typical value of the coupling constant y;. In the limit where
T — 0, with wp, small but finite, we find that ¢ ?zwph,
provided that E is larger than Ey,, the ground-state energy for
a single particle coupled to the phonons. Quantum corrections
will be most important when T S wph.

Of course, the actual value of T or wp, necessary to be
in the low-energy tail will depend on details of the system,
including the energy in question. In experiments, one may
enter the low-energy tail region by varying the measurement
energy rather than the temperature.

The approximations employed in this paper are intended
to give a good approximation to the function f(E), which
means that they should give a good approximation to the
leading exponential behavior of D(E) and A(k, E) in this
limit. However, they are not expected to give correctly the
preexponential factors.

An important caveat is that in some situations, we may
encounter examples in which f”(E) > 0 for an energy range
of interest, E;, < E < E,. In such cases, the Laplace transform
cannot be inverted in this simple way. However, we should
get a warning of this problem from studying C(t) because as
T is varied, the maximum of the integrand in (13) will jump
rapidly between an energy E. > E, to an energy E; < Ej, so
that Eq. (19) will move rapidly through the energy range of
interest. We shall return to this issue in Sec. VIII B, but at least
in the one-dimensional models we focus on here, this problem
will not arise.

IV. IMAGINARY-TIME-DEPENDENT HARTREE
APPROXIMATION

A. Coherent state representation

Let [{ox}) = |o) denote a coherent phonon state with
(ar) = o, and the value of «; is specified for every wave

vector k. The initial density matrix w may be written as

w = /doc We |oe) (], (22)

where the integral is over the real and imaginary parts of the
variables in &, i.e., da = [, [d (Reay)d (Imoy)],

Wa = Zgp, €XP [— Z(|ak|2/nk>], (23)
k
= ! 24
ny = m, (24)
and
Zeon = [ [Crmo). (25)
k
We may now write (13) as
C(r) = / dorwaCal®), (26)
where
Ca(7) = (el Y ey |ar). (27)

B. Factorization approximation

We next make the factorization approximation
e Ty lo) & a” PRIOPTIB(D) = (WD), (28)

where |[{B¢(7)}) = |B(7)) is a (normalized) coherent phonon
state, <I>I creates a particle in a state with a normalized wave
function ¢ (x, 7):

Ol =a) ¢ )Y, (29)

and R(t) is a renormalization factor, chosen as a positive real
number depending on 7, made necessary by the imaginary-
time propagation. [Our normalization convention is such that
ady lp)I> = (plg) =11

At time T =0, we set R = 1, ¢(x) = a~'/28,,,, and B =
o. The parameters should then evolve in time according to
the equations of motion, which are derived in Appendix A:

99/t = —[H, +V(x,7) — E4(r) —iQ(D)l¢,  (30)

Vix, 1) =) OuBi + 2 Bde ™, 31)
k
Ey(t) = (p(0)|H, + V (x, )| (0)), (32)
Q) = Im[z ﬂif(f)kszlk} (33)
k

where

7l =ay_ |pCx, T)7e (34)
and
dBi/dt = —or B — M9’ Ik, (35)
dR/dt = —R<E¢ + Zwk|ﬂk|2>_ (36)
k
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Without the particle, one obtains

e Tla) = Ro(1)|Bo()), 37

where parameters evolve in time according to the equations of
motion

dBor/dT = —awiPok, (38)

dRo/dt = —Ro Y ol focl’, (39)
k

whose solutions are

Bo(T) = ae™ ™", (40)
Ro(z) =e" b |l¥k|2(1—("72m"'1)/2' (41)
Thus, we find
R
Co(T) ~ a‘l/zﬂ

Ro(1)

where for complex numbers z; and z,, the inner product of the
corresponding coherent states is

(z1lz2) = explziza — |z11%/2 — 122 /2). (43)

Now, in principle, we should solve equations of motion
for all possible choices of the initial variables o and carry
out the integration (26). However, in order to get a binding
energy in the low-energy tail, one needs an initial phonon
configuration with a large distortion, costing an energy large
compared to 7. The density of states will then be dominated
by the configuration that achieves the binding with minimum
energy cost. [For example, for the one-dimensional continuum
model considered in [8], in the classical phonon limit, the
optimum distortion is proportional to sech?c (x — xo), with
Kk = Cm|ED"2] Relatively small departures that still pre-
serve the binding energy will cost energies larger than 7', so
their probability will diminish rapidly. Correspondingly, we
expect that the integral (26) for the Laplace transform will
be dominated by a region near the optimal phonon configura-
tion where the product w,Cy(7) is a maximum. Thus, using
Laplace’s method, we may make the further approximation

C(7) = S(1)Crmax(7), (44)

oo O [ [(Bo(®IBe(x)),  (42)
k

where
Cinax (1) = maxy[Zeohwy |Co (T)I], (45)

and the prefactor S(t) should be evaluated using a perturbative
expansion about the maximizing phonon configuration. Es-
sentially, the factor S represents something like the difference
in the entropies of initial and final states. [We assume that
there is a single a that maximizes wgy|Cy(7)| and the corre-
sponding C,(7) is real. See Appendix A.] In practice, it may
be a good first approximation to set S = 1. Finally, we should
use the procedures of Sec. III to invert the Laplace transform
and calculate D(FE).

V. FIXED-WAVE-FUNCTION APPROXIMATION

We may simplify the analysis by ignoring the equation of
motion (30) for the wave function ¢(x, 7) and simply take
¢ to be a time-independent trial wave function ¢ (x), which

will depend on the energy E of interest, and which we will
eventually choose to optimize our estimate of D(E'). We retain
Egs. (31)—(41) for the time evolution of B; and R(7); however,
we employ the initial condition

R(z = 0) = ¢ (x0) (46)

rather than R(0) = 1.

For a given choice of ¢y, the problem now reduces to the
Franck-Condon problem of a localized electronic excitation
linearly coupled to a phonon bath, which was studied, for
example, by Lax and Hopfield [20,21]. In particular, using the

solution of Lax with t = —it, we find
Cp (T) & e (x0) 2o &P ©), @7
E? = ($u|H.|$). (43)

C 2
F(t) = Z |c:2| [(ng + De™ %" + nie™*
k k

+ okt — Qi + D), (49)

Cr = M|k (50)

Now, we approximate C(t) by choosing the trial function
@y so as to maximize the value of Cy, (7), as given by (47) and
(49), for the given t:

C(7) ~ maxy, [Cy, (T)]. (&2))

After repeating this for a suitable range of values of t, one can
then invert the Laplace transform using the methods we have
described.

Presumably the FWF estimate will be less accurate than
the ITDH approximation, defined in the previous section.
However, it should be easier to compute, and the two approx-
imations may not differ much in practice.

VI. CLASSICAL PHONON LIMIT

As mentioned above, in the limit where the masses of the
nuclei are taken to infinity, while the elastic constants and the
temperature are held fixed, the problem we are considering
reduces to a calculation of the density of states of a parti-
cle moving in a static random potential V(x) = >, (vt} +
Aika_k)e_ikx.

At temperature 7', the potential obeys Gaussian statistics,
with (V (x))7 = 0 and a correlation function

VOV ) =Wx —x), (52)
where (-)r is the thermal average and [cf. Eq. (C7)]

w/a dk 2 ) ,
Wx—x)= T/ —Me*”‘(ﬁ‘). (53)

—/a 2 ,oa)l%

If the function V (x) is specified, the combinations oy + o*
are thereby determined, but no information is gained about
the quantities n; = o — o ;. If we integrate w, over the vari-
ables n;, we obtain a probability distribution for the function
V(x) (see Appendix C 3):

2
wa = 2" exp [—% > VG- x/)voc’)}, (54)

XX
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where
2
Zi— / DV exp [_% Exx,:V(x)G(x —x/)V(x/):| (55)

is a normalization constant, the integral is over all possible
configurations of V (x), and G is the matrix inverse of W:

a) Gx—x" W' —x)=a"8y. (56)

x"

A. ITDH approximation

We now apply these results to the ITDH approximation.
The particle wave function at imaginary-time 7 in a static
potential configuration V (x) can be expressed in terms of the
energies E, and eigenstates ¢,(x) of a particle moving in this
potential as

1/2R0(T)

d(x,T)=a R(D)

D b (xo)e ™, (57)

where the eigenstates are normalized such that

a)  $rOGw(x) =8, Y Gr(N)Pa(x) =a '8 (58)

Then, at large t, we obtain from (42)
Ca(t) ~ |¢pp(x0)Pe BT, (59)

where E{ is the energy of the lowest-energy eigenstate in the
potential V that has significant weight at the injection point
X0, and ¢p is the corresponding wave function. Here we have
used the fact that in the classical phonon limit, 8y = Box = o.
Also, since there is an energy gap separating the lowest state
in a potential well from all higher-energy states, we should be
justified in ignoring the contributions of those states at large
T.

Typically, one finds that for the optimum well shape, the
minimum excitation energy for a particle in the well will be
of the order of E8. Thus the condition for (59) to hold will be
T > 1/EJ). We shall also require that the temperature satisfies
T < E“}. According to [8], in the classical phonon limit, one
finds In D(E) ~ h(E)/y>T, where y measures the strength of
the electron-phonon coupling, and 7 < 0 is a function that de-
pends on the energy but is independent of  and T'. According
to (15), the interesting values of t will be related to the en-
ergy E by © = i/(E)/y*T. Thus t will satisfy the inequality
T > 1/EJ if T is sufficiently small, and it will satisfy it for all
temperatures of interest (T < EY) if y? < h'(E).

Now, in principle, we should compute C(t) from

Cx) - / DV wa I¢s(xo)Pe 5, (60)

where the integral is over all possible configurations of V (x).
However, as explained previously, in the low-energy tail, the
integral will be dominated by configurations close to the one
that maximizes the integrand. Thus, ignoring the correction
factor S(7) in Eq. (44), we may approximate (60) as

C(t) ~ max[Zqwq | (xo)|*e 7], (61)

where Ey is given by (32) and the maximum is taken over all
choices of ¢ as well as of V (x). If we ignore, for the moment,

the factor |¢(xo)|?, then setting 5C/8¢ = 0 leads to the results
that ¢ is indeed an energy eigenstate in the potential V', which
we identify with ¢p and E4 = EQ. Now setting §C/8V =0
gives the result

Vi(x) = Vopi(x) = —7U (), (62)

Ux)=a) Wx—x)lgs()P, (63)

where we made use of Eq. (56).

Although Egs. (62) and (63) are invariant under translation
of the center position of ¢ and do not specify it, maximiz-
ing the prefactor in (61) dictates that we choose ¢(x) to be
centered at xo. However, other than this, taking into account
contributions to the variational derivative from the factor
| (x0)|? would change these results by an amount that is small
and can be neglected in the low-energy tail.

For an arbitrary wave function ¢ centered at xo and an
arbitrary potential V, we may define a smoothed potential by

Vixo) =a ) _ 1oV (x). (64)

Let us define V™ as the value of V;(xo) when V =V, and
¢ = ¢p. Let 0 = (¢pp|H,|¢pp) be the particle kinetic energy in
the state ¢5. Then at the optimum point, we have

Ey =0+ V. (65)
Using (54), (61), and (62), we then obtain

C(1) ~ |pp(xo) e T e w 02, (66)
where
o =a* ) |gp()PW(x — X)) (67)
Also, we have V™ = —702.

B. FWF approximation

We now turn to the FWF approximation. In the classical
phonon limit, the exponent F (7) in Eq. (49) may be written as

F(t) =10, /2 (68)
with
o5 =2T Y GE _ D g @PW (x — X)),
o k Wk xx’

(69)

where we made use of Eq. (53). Also, we may identify E?
with 6. Then, Eq. (47) becomes

C (T) & e (x0) e e/ (70)

To find the trial wave function that maximizes this function,
we ignore the preexponential factor and set equal to zero the
variational derivative of the exponent with respect to ¢y (x).
This gives the equation

Hopu (x) + Vo ()i (x) = ppir(x), (71)

Vo) = —ta ) W(x —x)lge(0)P, (72)
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where p is a Lagrange multiplier necessary to enforce the
constraint that ¢ is properly normalized. We see that these
are the same equations as the ones we used to determine the
optimum potential Vo and the corresponding wave function
¢ in the ITDH. Moreover, when we identify ¢, with the
wave function ¢ obtained in the ITDH approach, we find that
o, = 0o and the value of C(7) obtained from (70) coincides
with (66).

Thus, the FWF and ITDH approximations give equivalent
predictions in the regime under discussion. We shall see that
these results also agree, as far as the exponential factors are
concerned, with the predictions of [8] for the low-energy tail
of the density of states in a Gaussian random potential.

VII. CONTINUUM WITH ACOUSTIC PHONONS

For a system of particles interacting with acoustic phonons,
a continuum model can be considered when the relevant par-
ticle wavelength is far larger than the lattice spacing a. The
Hamiltonian for such a system is

H—/dx[l/ﬁ(x)(—idi)w(xw W oy )
- 2m dx? y&x
L (2u 2 L 7
~|—§ (a) +% x) 1, (73)

where v (x) and ¥ (x) are particle annihilation and creation
operators at a position x, with [ (x), ¥"(x)]+ = 8(x — x')
(— for bosons, + for fermions), m is the particle mass, y
is the particle-phonon coupling strength, u(x) is the nuclear
displacement field, K is a bulk modulus, p is nuclear mass
density, and IT is nuclear momentum density (momentum per
unit length). The strain ¢(x) = % is assumed to be small,
le(x)|] < 1, and the commutation relation for the nuclear dis-

placement and momentum density is
[u(x), ()] = i8(x — x).

The phonon-dispersion relation for the one-dimensional har-
monic chain is given in the continuum limit by

_2(K\'"? _|kla K\'?
wp=—-|— sin— — |k|| — . (74)
a\ p 2 0

Note that the Hamiltonian in Eq. (73) is the special case of
the more general Hamiltonian in Eq. (3) with w; given by

Eq. (74), e(k) = £, and y; = y |k|.

2m’

A. Classical self-trapping ground state

In the classical phonon limit p — oo while keeping the
other parameters fixed, the Hamiltonian (73) becomes

1 d?
H = / dx[W(ﬂ(‘% iﬁ”) + ey (DY ()

K 2
+Sew) } (75)

where e(x) may be considered as a fixed classical function of
position.

We wish to find a strain configuration ¢(x) and a single-
particle wave function ¢(x) which gives the lowest possible

expectation value of the Hamiltonian in the single-particle
subspace. First, the minimum with respect to ¢(x) is found
by taking the functional derivative

§(H)

_ 2 _
pe) y]p@)|” + Ke(x) = 0.

Thus, we require
e(x) = —ylp(x)*/K. (76)

Note that larger local particle density |¢(x)|> induces more
strain &(x). Substituting this back into the Hamiltonian (75) in
the single-particle subspace, one obtains a lattice-relaxed total

energy
2 20414
<H>LR=/dx<2i'd¢(X) Vel ) o
m| dx

2K
where integration by parts was used for the kinetic energy
term. Next, we minimize (H) g with respect to ¢*(x) with
the constraint [ dx|$|> = 1 using Lagrange multiplier j:

8 2
M(mm - M/dXch(X)I )

1) Ple)IPex)

T 2m dx? K
This is a nonlinear Schrodinger equation for a particle in the
effective potential — 72}? ® with particle energy eigenvalue u.
Since any position-dependent phase factor of ¢(x) leads to
higher kinetic energy, the ground state should have a global
(position-independent) phase factor. Thus, the ground state
can be chosen to be real, and Eq. (78) becomes

1 d2 1 7

ng(x) =0.  (78)

where v = % and k= (—2mu)'/?. Since Eq. (79) is trans-
lationally invariant, it has degenerate solutions, which have
the form (cf. Ref. [8], Appendix B)

¢ (x) = (ki /2)"*sech(icy (x — x0)) (80)

with arbitrary center position xy. The wave function in
Eqg. (80) is normalized, and its normalization condition gives

4= (81)
kg =v/4d=—.
. 2K
The particle energy of the ground state is
2 4
Kf my
= =—— 82
H="om T Tsk2 (82)

and the total energy of the ground state (minimum energy) is
obtained by substituting (80) into (77):

K2 my4
i 6m 24K? ®3)

Note that the difference between the total and particle ener-
gies,
2 4
Ki my
Epn—p ===

3m 12K?’ 84)

is the elastic energy.
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We remark that if p is not infinite, the quantum ground state
of the system with one particle present will not be localized
but will be a polaron with total momentum k = 0. This state
may be considered as a linear superposition of the self-trapped
particle with arbitrary center positions xg. In the limit p — oo,
polaron energy approaches Eyi, (83) and the energy becomes
independent of the polaron momentum as the polaron mass
becomes infinite.

In summary, in the classical phonon limit p — oo, the
ground state for the system of a single particle interacting
with acoustic phonons in one dimension is described by a
self-trapped particle state (80) with lattice relaxation (76).
The self-trapping energy |Enin| is nonzero for any nonzero y,
although it can be very small when y is small.

B. Application of the fixed-wave-function approximation

Now the FWF approximation introduced in Sec. V can be
implemented. We choose a trial wave function of the form

G (x) =

with a single variational parameter «. This seems like a good
choice, since it is the correct form in the classical phonon
limit p — oo, where it coincides with the results of [8] for
the Gaussian white noise potential, and it happens to coincide
with the form of the self-trapped ground state at 7 = 0. We
will eventually choose x to maximize the correlation func-
tion C as in Eq. (51) [or to maximize the density of states
D(E) as in Eq. (119) in the modified FWF approximation, cf.,
Sec. VIII B 1]. In the continuum, Eq. (49) becomes

Foo) — T/ qk L|Ck|2 .
(1) = = [(ng + e + nge®™
—nja &0

(k /2)"*sech(kx), (85)

+ ot — (an + DI, (86)
where C; is defined in Eq. (50), with

1
A = k|,
k ‘lszwkﬂ |

. km km
9% |x = /dxe_‘k*lgb,((xﬂz —csch
2K 2/(

Note that |¢?|; is a smooth function, with |¢?|; — 1 for k <
k and |¢%|; — O for k > «, and |¢p?|; is significant only for
|k| < k. Furthermore,

b (x0) = (x/2)"/* for xo = 0, (87)

2

E% = (¢|H,|¢) = g—m (88)

Thus, using the FWF approximation, Cy (t) [Eq. (47)] is
essentially obtained by performing the numerical integration
in Eq. (86). Then, Cy (7) is maximized with respect to «
[Eq. (51)], and the density of states D(E) is obtained from
C(7) by inverting the Laplace transform (13) as described in
Sec. III.

We first consider two special limits, namely the classical
phonon limit and the quantum zero temperature, in order to
obtain further insights.

1. Classical phonon limit

The classical phonon limit is achieved by taking p — oo
while keeping the temperature T fixed. This reduces to the
case of a particle in a static Gaussian white noise potential,
which was considered in Halperin-Lax analysis [8,10] where
the optimal ¥ maximizing the density of states as in Eq. (119)
was given by kp = (—2mE)'/2. We would like to compare this
Halperin-Lax result to the FWF approximation.

In the classical phonon limit, w; — O [cf. Eq. (74)] and
wr T K 1, which simplifies Eq. (86) to

w/a dk
F(o) = /m ST IGR G+ 1727

Since wy /T K 1, the above expression is further reduced to

7 e gk k2
Fr)y~ Y~ |¢> 272, (89)
2:0 —m/a 27T

The integrand of Eq. (89) is significant for |k| < «, due to
|¢%|«, and in this interval, w; can be approximated as a linear
dispersion w; & /K/p|k|, since ka < 1 in the continuum
limit. In addition, for ka < 1, the integral can be evaluated,

since

/ " dk|¢ | / h dk|¢2|2 /3 (90)

— ~ — =k/3.
—n/a 2 K —00 2 k

Thus, one obtains

2TK
F(‘L’)"’— 72

2K 3 d)KT /2 91
Thus, from Eq. (47), one gets
Cpo (T) = | (xo)Pe 7B +oi 12, (92)

Now the correlation function must be maximized with
respect to the variational parameter . The value of « that
maximizes the correlation function is found by solving the
equation

dInC d
dinGy. (@) _ —[Ink — tEX + 05 17/2] =0,  (93)

dk dk
which, for ¥ > 0, gives
_ my*Tt N my>Tt\? N 3m )
T Tak 4K T

The asymptotic form of D(E’) can now be obtained using
the inversion formulas described in Sec. III. Using the optimal
Kk, given by (94), Eq. (19) gives

2 2\* 2p2T
E=—— () - L k. (95)
6m 3m 3K
For low energy E « 0, one obtains the Halperin-Lax result

k = (=2mE)'/? [cf. Eq. (95)]. The resulting approximation
for D(E) is

KE 12 _ﬁ
Drwr(E) ~ e e % for E < 0, (96)
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L . 1 1 1 1 1 1 E
-0.7 -0.6 -0.5 -04 -0.3 -0.2 -0.1 0.0

FIG. 1. Comparison of different approximations to the density
of states in the Gaussian white noise potential. The exact Dexae((E)
(98) and exact asymptotic form (100) are denoted as exact (black
solid curve) and As (black dashed curve), respectively. The FWF
asymptotic form (96) and its form with the higher-order correction
(101) are denoted as FWF (red solid curve) and FWF x §; (red
dotted curve), respectively. We use K =1, m =1, T =0.1, and

y =1

where £ is introduced to make a connection to the Gaussian
white noise model [cf. Eq. (C10)]

£ yT
2 K
[See also the discussion in Appendix D of the modified FWF
approximation, which maximizes D(E) rather than the corre-
lation function C(7).]
Our approximate density of states from classical acoustic
phonons Drwr(E) can be compared to the exact density of
states for the Gaussian white noise potential [8,22]

Dexact(E) = (m*€) "' PN'[E(m*E)~*3], (98)

o7

where N, which may be expressed in terms of Airy functions
as

N(e) = m 2{[Ai(—26)]* + [Bi(—26)1*} 7", (99)

is the cumulative density of states as a function of unitless en-
ergy € = Em~*3£72/3_ This gives rise to the exact asymptotic
form,

2

k2 _ g
Da(E) ~ —L ¢ 3% for E < 0. (100)
wmé
Note that Egs. (96) and (100) have the same exponential
factor, but different prefactors. The difference in the prefactors
can be reduced by considering higher-order corrections, as
discussed in Appendix B. The correction factor S (E) is given
in Eq. (B15), which gives the corrected density of states to the
FWF approximation:
2\"? 4} s
Dewp(E)S1(E) =~ (—) —L£ 7% for E « 0. (101)
15 wmé
The comparison of different approximations to the density of
states in the Gaussian white noise potential is given in Fig. 1,
whereweuse K =1, m=1,T =0.1,and y = 1.

2. Quantum zero temperature

Zero temperature can be considered instead of the classical
phonon limit. At zero temperature 7 = 0, all Bose occupation
numbers ny are set to zero. Then, Eq. (86) becomes

F T dk LIG® .
r=0(7) = 2——2[e + ot — 1.
—7/a ¢ W

For wyt < 1, Fr—o(7) is quadratic in t,

w/a dk 5 5
Froo(t) =~ e LIG| (102)
—7/a T
3y2c(3)k?
4 ¢33k _1:27 (103)

" 273(pK)12

where similar approximations were used as in Eq. (91), and ¢
is the Riemann zeta function. For w,t > 1,
dFr—o(v) f”/“ dk LIGI* v’k

(104)

dt Cwja 27 6K’

where, again, similar approximations were used as in Eq. (91).
According to Eq. (19), this implies that for a fixed value of
Kk, the computed density of states vanishes below a minimum
energy

dFr_o(7) _ K2 7/2/<

Emine = E? — = — , 105
i ¢ drt 6m 6K (105)
which implies that D(E) = 0 for
E<E ing (Emin ) my! (106)
< Epin = M (Eming) = — 7555
’ 24K?

This agrees with the result (83) for the ground-state energy of
the self-trapped particle in the limit p — oo.

We note that in Eq. (105), the first term is the kinetic energy
of the FWF [cf. Eq. (88)], and the second term is the particle-
phonon interaction and the elastic energy of the FWF after
lattice relaxation [cf. the second term of Eq. (77) for ¢ = ¢, ].

C. Numerical results

We now turn to situations in which neither T nor p~! is

zero. Here we use numerical methods to compute F () for
various choices of the parameter « and to find the value of x
that maximizes the resulting estimate of C (7). Finally, we use
the method of Sec. III to obtain the density of states D(E).

The ratio of the thermal energy to the energy of a phonon
a = T/w,, is a useful parameter for understanding the im-
portance of quantum phonon effects. The limit o > 1 will
approach the classical phonon limit, and small o will show
the effects of quantum motion of the nuclei.

To study how the density of states depends on this param-
eter o, we can either (i) vary p while fixing the temperature
T, or (ii) vary T while fixing p. We use a = 0.1, K = 1, and
m = 1, and we vary p, T, and y for the following calculations.
Equivalently, we are measuring E in units of (%2)1/ 3, and

D(E) in units of (%)!73,

1. Varying p while fixing T

The dependence of the density of states on « by changing p
is shown in Figs. 2 and 3 for y = 1 and 0.5, respectively. For
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— a=0.05
— a=0.1
— a=0.25

— a9

rEmin

-0.05 -0.04 -0.03 -0.02 -0.01 0.00

FIG. 2. Densities of states in the FWF approximation, Dgwg(E),
with trial wave functions of the form (85), for different « values
achieved by varying p for fixed 7 =5 x 107, and y = 1. Param-
eters m and K have been set equal to unity. E;, is the minimum
energy (83) of the self-trapped particles at 7 = 0 for p — oo.

smaller «, the density of states is larger, meaning the nuclear
quantum effect increases the density of states. The limit ¢ —
00, achieved by p — 00, corresponds to the classical phonon
limit considered by Halperin and Lax [8]. It is also seen that
the different y values change the overall energy scale.

2. Varying T while fixing p

The dependence of the density of states on « by changing
T is shown in Figs. 4 and 5 for y = 1 and 0.5, respectively.
For larger values of «, the density of states increases, which
implies that a higher temperature leads to a larger density of
states. Note that at zero temperature o = 0, there exists an
energy minimum given by Eq. (105) below which the density
of states completely vanishes. Comparing with Figs. 2 and 3,
we see that the curves for « = 0.25 and 0.5 would be almost
indistinguishable from the classical phonon limit p — oo at
the given temperatures, which was discussed in [8].

If we restore the parameters m and K, the density of states
can be written in the form

1/2
m ~
D(E,T,/O,V)z e Ds (107)
E}’
D
— a=0.05
— a=0.1
— a=0.25
— a9
Emin
24 0 I O O (0 L LY T PR PR ..l...:E
-0.006 -0.005 -0.004 -0.003 -0.002 -0.001 0.000

FIG. 3. Densities of states Dgwr(E) for different o values
achieved by varying p for fixed 7 = 1.25 x 107, and y = 0.5.
Other parameters are the same as in Fig. 2.

— a=0

— a=0.1
— a=0.25
— a=0.5

Emin

L L £ 1 L L

! E
-0.07 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.00

FIG. 4. Densities of states Drwgr(E) for different o values
achieved by varying T, for fixed p = 10*, and y = 1. Other param-
eters are the same as in Fig. 2.

where E, = y*mK~? = 24|Eyin|, and D depends only on
the dimensionless variables £ /E,, T /E,, and pE, /mK. This
means that plots of D(E, T, p,y) for y =0.5 and y =1
would coincide if we change variables accordingly. That is,

D(E,T,p,y =05)=4DE"T',p',y =1)  (108)

with E' =16E,T' = 16T, p' = p/16. The value of
D(E, T, p, y) is independent of the remaining dimensionless
quantity 7 = y3mK~? because if we rescale the field u(x)
by a factor of A, the coefficients in the Hamiltonian (73) will
be modified and 7 will be changed by a factor of A, but the
energy eigenvalues are unchanged. However, du/dx would
no longer be the strain. The Hamiltonian (73) will actually
become unphysical for sufficiently large values of y, because
the resulting strains can be larger than 1.

3. Relation between k and energy

Figure 6 shows the relation between energy E and optimal
« that maximizes the correlation function Cy, (7) for different
a values, achieved by varying T for fixed p = 10*, and y =
1. We find that the o = 0 (zero-temperature) curve follows
k = (—6mE)'/? for energies above the minimum energy Epi,,
while the curves for o = 0.25 and 0.5 are close to the classical
phonon limit result, « = (—2mE)!/2. The curves for o = 0.05
and 0.1 exhibit a more complicated behavior.

— a=0
— a=0.1
— a=0.25
— a=0.5

Emin

'/
':.I Iy YT E

AT S TR S U T " (2 T P
-0.004 -0.003 -0.002 -0.001 0.000

FIG. 5. Densities of states Drwgr(E) for different o values
achieved by varying T, for fixed p = 10%, and y = 0.5. Other pa-
rameters are the same as in Fig. 2.
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— a=0
——— a=0.05
—— a=0.1
—— a=0.25
— a=0.5

----- K=(~6mE)"2

Emin
b | S K=(-2mE)"2
1 I " " " 1 1 " 1 n " n " E

-0.15 -0.10 -0.05 0.00

FIG. 6. Energy E and optimal « relation for different o values
achieved by varying T for fixed p = 10*, and y = 1. o = 0 (zero
temperature) curve follows k¥ = (—6mE)"/?, and o = 0.25 and 0.5
curves follow the classical phonon limit result, ¥ = (—2mE)!/2.

We can understand the result k = (—6mE)'/? for Epin <
E <0 for « =0, and « = (—2mE)"/? for the classical
phonon limit (large o) as follows. Ignoring the |@, (xo)|? factor
in Eq. (47), one obtains

Cy, (v) 0 &A@, (109)

where, according to Eq. (103), at 7 = 0, for 7 in the range of
interest, F' has the form

F (1) ~ AkPt? (110)

with A a constant and p = 2. In the classical phonon limit, F
has a similar form but with p = 1 [cf. Eq. (91)]. In either case,
the optimal « that maximizes C can be obtained from

dInC,
n—¢"(t) I~ —‘L’L _’_pAKP*LL—2 = 0.
dk 3m
For this optimal «, Eq. (19) gives the relation between E

and k:
K2 KI[1 2
E=— —2AkPT1=—|-——|.
6m m|6 3p

(111)

(112)

This leads to the result k = (—6mE)"/? for T =0 (p = 2)
as well as the known result ¥ = (—2mE)'/? for the classical
phonon limit (« large, p = 1).

VIII. ADDITIONAL REMARKS

A. Momentum-dependent spectral density

Using either the ITDH or FWF approximation, one finds
that for a given energy E in the low-energy tail, the tunneling
density of states is dominated by a particle wave function of
the form ¢ (x) = f(x — xp), where f has a fixed shape, and xg
is the position of a local minimum of the fluctuating potential.
As noted in Refs. [8,10], this suggests a simple approximation
for the momentum-dependent spectral density

Ak, E) ~ |f(k)*D(E), (113)
where f is the Fourier transform of f(x):
fk) = / dxe ™ £(x). (114)

(Here we use the continuum normalization, with [ |f [2dx =
1.) As in the case of a random potential due to impurities, how-
ever, this approximation breaks down if k becomes too large.
Because f(x) is an analytic function of position, its Fourier
transform will fall off exponentially for |k| > I~!, where [ is
a measure of the spatial width of the wave function. Then for
sufficiently large k, we can obtain a larger contribution to the
spectral density from processes in which the injected particle
emits or absorbs a phonon with wave vector &~ £k in order to
bring it into the momentum region where A" is largest. The
contributions of these processes to the imaginary part of the
particle self-energy may be written as

L ’ 2
ImEk,E) = 775 [ k']
T

x [y + DAV (k — k', E — wp)
+n 1 AVUk =K, E+w_p)]. (115)

Because the integrand will be significant only when |k' — k| <

Kk < |k|, we may replace k' by k in wy, etc., and we may bring

these factors outside the integral. This leads to a contribution
APk, E)=n""ImE — ¢ — Z(k, E)]™!

_ vl +m)D(E — ax) + mD(E + w;)]
B 2pwi(er — E)? '

(116)

For intermediate values of k, we should approximate the spec-
tral density by the larger of (113) and (116).

Approximation (116) will be particularly important in the
case of an indirect absorption edge. For a semiconductor
with an indirect band gap, such as Si, where the exciton
binding energy is small and the electron-phonon interaction
is too weak to produce self-trapping, the low-energy tail of
the indirect optical absorption edge can be reproduced by an
analogous formula involving a transition of an electron from
a state near the valence-band maximum to a state near the
conduction-band minimum, with emission or absorption of a
single phonon [17].

B. Three-dimensional systems

Three-dimensional systems can differ from one-
dimensional systems in several ways, which may require
adjustments to the methods described above. One important
difference is that in three dimensions, it is necessary for
the particle-phonon coupling to exceed a critical value in
order for self-trapping to occur in limit of large nuclear
masses, whereas in one dimension, self-trapping occurs for
arbitrarily weak coupling. As in one dimension, we expect
that important quantum corrections will appear primarily in
the energy range Eni, < E < Ey, where E; is the nominal
bottom of the free-particle band, and Eg = Ey — Ey;, is the
binding energy due to self-trapping. Further, we want to have
Ep > wpy > T for our methods to apply and for quantum
corrections to be important. If the coupling is below the
critical value, one obtains Ep = 0, so these conditions cannot
be satisfied.

Another issue concerns the contribution of short-
wavelength phonons. In three dimensions, the phonon con-

224311-11



DONGHWAN KIM AND BERTRAND I. HALPERIN

PHYSICAL REVIEW B 107, 224311 (2023)

tribution to the particle self-energy has a strong ultraviolet
divergence in the continuum limit, so the contribution of
short-wavelength phonons may need to be taken into account
even in situations in which the width of a typical particle wave
function ¢(x) at the energy of interest is large compared to
the lattice constant. (When quantum fluctuations are taken
into account, there is also an ultraviolet divergence in one
dimension, as discussed in Appendix B, but that divergence
is logarithmic and is unlikely to be important in practice.)
Because the ultraviolet-divergent contribution is only weakly
dependent on the particle energy, we may treat it, to a first
approximation, as a constant downward shift in the particle
energies, which can be taken into account by a (temperature-
dependent) redefinition of the threshold energy Ej;. A more
detailed discussion of how to treat this energy shift may be
found in [10], where a similar ultraviolet divergence was
encountered in their analysis of the density of states for an
electron in a three-dimensional Gaussian white noise poten-
tial.

Additional problems may arise when one tries to extract
the density of states D(E) from the imaginary-time correla-
tion function C(t) obtained from either the ITDH or FWF
approximation, using the procedure discussed in Sec. III.
At least in the classical phonon limit, we know from the
Halperin-Lax analysis that at least in the limit of classical
phonons and wave functions wide on the scale of the lattice
constant, there will be a region of energy in the low-energy
tail where In D(E) o« —|E — Ey|'/?, so dz[lnD(E)]/dE2 > 0,
which violates the requirements of Sec. III. This difficulty
may be avoided, however, if one adopts a modified procedure,
described below, where the Laplace transform is inverted at an
earlier stage of the calculation.

In two dimensions, for Gaussian white noise in the contin-
uum limit, the HL analysis predicts In D(E) o« —|E — Ej|, so
that d> In D/dE? ~ 0. This case is marginal, and it is unclear
whether one can apply directly the ITDH method to this case.
In Ref. [9], results of a numerical calculation were presented
for D(E) of a two-dimensional model of a particle interacting
with quasiclassical frozen acoustic phonons. However, that
calculation did not extend far enough into the low-energy tail
to warrant comparison with an analysis using the methods of
the present paper.

1. Modified procedures

In the modified ITDH procedure, one chooses an arbitrary
initial phonon configuration & and uses the imaginary-time-
dependent Hartree equations to calculate the function C,(7)
as described Sec. IV. Now, however, we use the procedure of
Sec. III to find the inverse Laplace transform of C(7) at fixed
o, which gives the conditional density of states,

Do(E) =) (aelm) (mlyry, |n) n|, o)

mn

XB(E _En+Em)a (117)
where the sum is over eigenstates of the Hamiltonian with
one particle present for the state n and no particle present for
the state m. We expect that the conditions of Sec. III will be
satisfied by Cy(7) for fixed e, so there should be no difficulty

inverting the Laplace transform at this stage. We now have

D(E) = /duwaDa(E). (118)
Then, we may approximate the density of states by the value
of the integrand in this equation when « is chosen to maximize
its value. [Alternatively, we may approximate the density of
states choosing o in a way that maximizes wyCy(7) for the
value of 7 that corresponds to the target value of E.] We expect
that in most cases either of these choices will lead to a good
approximation for D(E) in the low-energy tail, and in cases
in which the averaged correlation function C(t) satisfies the
conditions for the procedure of Sec. III, there should be close
agreement between the modified ITDH and the original ITDH
approximations. It appears that the difference between the two
procedures will affect only the preexponential factors. As in
the previous sections, one should properly include an entropy
prefactor S(E'), which here we have set equal to 1.

We may proceed in a similar manner when employing the
FWEF. The function Cy4, (7) defined by (47) is the Laplace
transform of a function Dy, (E), which we may consider to
be an approximation to the actual density of states D(E). One
should be able to obtain the function Dy, (E) from Cy (T)
with good accuracy and without much difficulty, using the
procedure outlined in Sec. III.

Having obtained the estimated density Dy, (E) for various
choices of the wave function ¢, we choose, for each E, the
wave function that maximizes the estimate for that energy.
This defines a modified FWF approximation:

D(E) = maxy, [Dg, (E)]. (119)

This should be compared to the FWF approximation of
Sec. V, where we did not compute the functions Dy, (E) but
rather obtained the density of states by taking the inverse
Laplace transform of the entire function C(r). Again, one
should get more accurate results if one can include an estimate
of the entropy prefactor S(E), which here we have set equal
to 1.

As an alternative to inverting the Laplace transform in the
modified FWF procedure, if one wishes to obtain a more
accurate value for the function Dy, (E ), one may work directly
in the energy regime, following the prescription of Hopfield
[21], which is described in Appendix E below. This method
is not restricted to the low-energy tail, and it can achieve,
in principle, an arbitrary degree of accuracy. However, in the
low-energy tail, an approximate inversion of the Lax formula
using the method of Sec. III is simpler and probably adequate
for the level of approximation already implicit in the FWF
method.

We remark that there is at least one case in which the
modified FWF approximation taken literally will lead to non-
sensical results. In a model in which the lattice vibrations
are dispersionless optical phonons, with a single frequency
wy, the function D?r (E) will contain a series of §-functions at
energies separated by multiples of wj. Choosing ¢y at each E
to maximize D2(E) will simply give an estimated density of
states that is infinite at all energies. However, we expect that
this pathology will not be a cause for worry when there is at
least a moderate amount of dispersion in the phonon spectrum.
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We expect that in most cases, when D(E) satisfies the
condition d? In D/dE 2 < 0, the difference between the modi-
fied procedures and the original ITDH or FWF approximation
will not be too great. For the one-dimensional continuum
model studied above, we find that the modified FWF result
for D(E) only differs from the result of the original FWF
approximation by a constant preexponential factor of (3/2)!/2
(see Appendix D).

IX. SUMMARY

In Secs. III-VI of this paper, we introduced two re-
lated approximation schemes for calculating the momentum-
dependent spectral density A(k, E') and the tunneling density
of states D(E) in the low-energy tail for the model of a single
injected particle coupled to a thermal bath of phonons. In both
schemes, we developed an approximation for imaginary-time
correlation function C(t), which is the Laplace transform of
D(E), and we discussed how D(E) can be efficiently extracted
from C(7) for energies E in the low-energy tail. In particular,
we obtained a one-to-one relation between energies E and
imaginary times tg such that D(FE) is determined by C(7) and
its first two derivatives at T = t¢.

In the ITDH approach, defined in Sec. IV, we proposed
a imaginary-time-dependent Hartree approximation to cal-
culate the imaginary-time correlation function starting from
an initial state that is in an arbitrary coherent phonon state
before the particle is injected. To obtain C(t), one should then
calculate the weighted average of this correlation function
over a thermal distribution of initial states. However, in the
low-energy tail, corresponding to large values of t, we can
get a good first approximation to C(t) considering only the
single initial state that gives the largest contribution to the
average. In principle, corrections to this approximation can be
obtained by using second-order perturbation theory to account
for deviations of the initial phonon configuration from the
optimal coherent state, as well as corrections arising from
the difference between the full Hamiltonian and the Hartree
approximation used to calculate the imaginary-time evolution.

The FWF approximation, introduced in Sec. V, is a sim-
plification of the ITDH, in which for a given choice of 7, we
ignore the time dependence of the particle portion of the wave
function for imaginary times t’ < 7 by assuming a fixed trial
wave function ¢ (x). The phonon configuration is assumed
to vary with 7/, however, driven by the coupling to the mean
particle density |@,(x)|%. Then, for each value of T, we choose
a trial wave function that maximizes the estimate of C(t). The
FWF approach may be further simplified by restricting the
trial wave function to a form controlled by a small number of
variational parameters and then choosing the values of these
parameters so as to maximize C(1).

As noted in Sec. VI, in the classical phonon limit, where the
nuclear mass is taken to infinity, so that the relevant phonon
frequencies are small compared to the temperature 7', the
problems under consideration reduce to calculations of the
density of states or the spectral density for a particle in a
random potential with a Gaussian statistical distribution. In
the low-energy tail, to leading order (on a logarithmic scale),
the ITDH and FWF approximations become equivalent to
each other in the classical limit, and their results coincide, at

this level, with the results obtained more than five decades ago
for a particle in a random potential.

In Sec. VII, we presented an application of these methods
to a one-dimensional model of a particle interacting via a
deformation potential with acoustic phonons in the continuum
limit. We presented results of numerical calculations using
the FWF approximation for a selected set of parameters—y,
p, and T—controlling the particle-phonon coupling strength,
the nuclear mass density, and the temperature. The parameters
were chosen such that the phonon frequencies were small
compared to the self-trapping energy for the particle in the
classical phonon limit, but the ratio between T and the rele-
vant phonon frequencies could take various values. Indeed, it
is under these conditions that we expect the ITDH and FWF
approximations to be most interesting. At least in this param-
eter region, we found that quantum fluctuations arising from a
finite nuclear mass had little effect when the relevant phonon
frequencies were small compared to 7', but they tended to
increase the density of states at low energies when the phonon
frequencies were larger than 7. In the case in which the mass
density is held fixed and T is decreased, we found that D(E)
remains finite in the limit 7 — O for E greater than E,,, the
ground-state energy of a self-trapped particle in the classical
phonon limit, but D(E) = 0at T = 0 for E < En,. We intend
to present results of an application of the ITDH to the one-
dimensional continuum model in a future publication.

The calculations presented in Sec. VII were confined to ex-
amples with relatively strong particle-phonon coupling, where
it was sensible to consider a case in which the self-trapping
energy is large compared to the relevant phonon frequencies.
In the opposite case, where the phonon frequencies are large
compared to the self-trapping energy, the description may be
quite different. In this case, the quantum ground state will be a
lightly bound polaron, which is highly mobile with a slightly
renormalized effective mass, and its kinetic energy must be
taken into account at low temperatures. At high temperatures,
the classical phonon approximation can still be made, and the
methods for treating a particle in a Gaussian random poten-
tial could be used. However, a good description of quantum
corrections to the low-temperature low-energy tail for weak
particle-phonon interactions requires further investigation.

Several additional topics were discussed in Sec. VIII. In
Sec. VIII A we showed how the momentum-dependent spec-
tral density A(k, E') can be obtained along with D(E) in either
the ITDH or FWF approximation. In Sec. VIII B we discussed
the modifications that must be made if one wishes to apply
either the ITDH or FWF approximation to a three-dimensional
system.

In Appendix A below, we present a detailed derivation
of the imaginary-time-dependent Hartree equations of motion
used in the ITDH approximation. In Appendix B, we discuss
corrections to the ITDH that affect the preexponential factors
in D(E). In particular, we discuss the correction that is of
greatest importance in the case of a continuum system in the
classical phonon limit. This correction arises from fluctuations
of the frozen phonon state in which the potential well retains
its optimum form but the center of the well is displaced
slightly from the position of the injected particle. Several other
topics are treated in additional Appendixes.

Although our study of A(k, E') and D(E) was largely mo-
tivated by the problem of optical absorption by an exciton in
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the presence of a bath of phonons, there are other applications,
at least in principle. As one example, the tunneling density
of states measured in an ideal scanning tunneling microscopy
(STM) experiment for an electron injected into an empty band
in a two-dimensional insulator should be proportional to the
quantity D(FE) calculated for that system. Similarly, an inverse
angle-resolved photoemission spectroscopy (ARPES) experi-
ment could give a measure of A(k, E). As a practical matter,
however, it is not clear whether one can achieve the sensitivity
and energy resolution necessary to probe the low-energy tail
region where the methods described above would be directly
applicable. Of course, one must also contend with the influ-
ence of impurities in this region, and in the case of a STM
measurement, one would have to account for the perturbation
caused by the presence of a scanning tip. In addition, it is
difficult to perform an STM measurement in a completely
empty band, as it is necessary for the target to have at least
some lateral conductivity.

The spectral density A(k, E') or the tunneling density of
states D(E) for an occupied electron band can be measured,
respectively, by an ARPES or STM experiment. The problem
in this case is that the effects of electron-electron interactions
are likely to be larger than the effects of electron-phonon
interactions.

A quantity analogous to the spectral density of a particle
interacting with phonons in a crystal can arise for an impurity
atom injected into an atomic Bose condensate [23]. At low
energies, the important excitations of the Bose condensate are
phonons, and their interaction with the impurity atom may
have a form similar to the one considered here, at least in the
case of weak coupling. However, the analogy breaks down
when coupling to the impurity is strong [24], and it is not
clear whether one can achieve a regime where a low-energy
tail exists and our methods could be directly applicable.

More generally, however, we expect that the type of analy-
sis exemplified by our ITDH procedure may have applicability
to a variety of problems where coupling of a particle to de-
grees of freedom other than phonon modes is important. For
example, excitations about a Fermi sea of electrons may be
treated as a set of harmonic-oscillator modes in some circum-
stances. Also, magnetic excitations in spin systems may often
be treated as independent harmonic oscillators. Appropriate
generalizations of the ITDH procedure might be useful for
calculations outside the low-energy tail, which would accord-
ingly extend the applicability of the general approach.

In principle, our methods could be used when the initial
phonon state is not a state of thermal equilibrium, provided
it can be described by a density matrix that commutes with
the Hamiltonian in the absence of the injected particle and is,
therefore, independent of time.
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APPENDIX A: EQUATIONS OF MOTION FOR THE
IMAGINARY-TIME-DEPENDENT HARTREE
APPROXIMATION

The unnormalized many-body state |\W(7)) must satisfy the
imaginary-time-dependent Schrédinger equation
v

M) _ gy
ot
Assuming that the factorization approximation is valid, the
state |W(t)) = a~'>R(z)®|B(r)) should satisfy

(AD)

(vf72 )= {5 )
Ul— )= (—|W) = —(V|H|P) (A2)
Jat ot
and (¥|¥) = a~ ' (R(7))?. Then, one obtains
k2 Z1jpy _ (WIHW) 2
57 MW ™) = = —E¢+;wk|ﬁk| :
(A3)
which gives
dR
- = —R<E¢ + Zwk|ﬁk|2). (A4)
k

The Heisenberg equation of motion for a; gives

day/dt = —[ar, H] = —owax —a Yy Ylivdee ™. (A5)

Then, in the presence of a particle,

dpi/dt =~ — M|k
Without a particle,

(A6)

dBor/dt = —wiBok. (A7)

Multiplying the Schrodinger equation (Al) by (B(T)|v¥y,
and using Eq. (A4) for dR/dt, one obtains

dpx.7)

e [He(x) +V(x, 7) = Ey(7) — iQ(7)]
X ¢(x, 1),

where H,(x) is a position representation of the electronic
kinetic energy operator, and

(A8)

d
Q(x) = i(B(D)] ——-IB(D))
w1 dB(T)
= —Imzk: ,Bk(r);—r
=1Im) B (TMld’ |k, (A9)
k

where we have used |Bi(t)) = e A 2eA@a |0y, and
Eq. (35).
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Note that A_; = A} due to time-reversal symmetry and
|92 |k = |¢2|,’§ since ¢(x)? is real. If we choose an initial
configuration such that a_; = «;, then f_i(7) = B;(r) and
Bo,—«(t) = B, (z) since the equations of motion preserve
the relations. Then, the purely imaginary term vanishes, i.e.,
Q(7) = 0, meaning that the propagated electronic wave func-
tion ¢(xp, T) is real if the initial wave function ¢(xp, 0) is
real. Furthermore, the inner product [, (Box ()| (7)) is real
for this initial configuration. Thus, C,(7) is real for the initial
configuration.

If we choose an initial configuration such that Cy(7) is
complex, there will be a complex-conjugate initial configu-
ration, with the same weight w,, which will give rise to the
complex-conjugate value of C,(t). Therefore, if there is a
unique initial configuration that maximizes wy|Cy(7)|, it must
be real, with an initial condition that satisfies o_; = of. We
believe that this will generally be the case.

We expect that the imaginary-time-dependent Hartree ap-
proximation should become asymptotically exact in the limit
where T and the phonon frequencies (o« M~'/?) go to zero.
In this limit, evolution of the phonon coordinates is slow,
and the particle wave function will adiabatically follow the
ground-state wave function for a particle in the potential well
produced by the phonon configuration. This is the limit where
a Born-Oppenheimer separation is valid, and corrections to
the Hartree approximation become small, despite the fact that
the imaginary times t of interest grow proportional to 7!
or M'/2. (Note that there is no Fock exchange term in our
problem, since we have only one mobile particle.)

APPENDIX B: HIGHER-ORDER CORRECTIONS

To improve our estimates of the density of states in
the low-energy tail, we need to examine the preexponen-
tial factors S(t), introduced in earlier sections, which we
have so far ignored. As mentioned previously, the most
important corrections to the ITDH approximation can be
calculated, in principle, by treating the difference between
the actual Hamiltonian and the imaginary-time-dependent
Hartree approximation and the deviation of the actual starting
configuration & from the optimum configuration as small per-
turbations, whose effects one can estimate using second-order
time-dependent perturbation theory. We will not attempt to
implement this procedure in the present paper.

In the classical phonon limit, the analysis is simplified,
because for long times tr, for a given potential configura-
tion V(x), the correlation function Cy(7) is determined by
properties of the electronic ground state in this potential.
Then, the corrections to the ITDH estimation of C(t) can
be calculated using time-independent perturbation theory to
account for deviations of the actual potential V (x) from its
optimum form. For a continuum model, it turns out that the
most important correction arises from fluctuations where the
potential well retains its ideal form but where the center of
the well is displaced slightly from the position x;, where the
particle is injected.

To be more precise, let us assume that for a given value of
7, the optimum potential has a form

Vopt (x) = u(x — xo), (B

where the shape of u is independent of x(, and let us write the
ground-state wave function as

¢p(x) = f(x — x0).

The ground state in a potential well can always be chosen to
be a real-valued function with no nodes, and it is necessarily
nondegenerate. Moreover, we expect by symmetry that the
optimum potential will have a minimum at x = xy and will
be symmetric about that point, so that the ground-state wave
function in the well will have a maximum at xg.

Let Cy(t) be the estimate of C(tr) obtained from (61)
with the optimum choice of V. We may now estimate the
contribution to C(7r) from a displaced potential of the form
V(x) = u(x — xo — s) for s # 0. The displacement s will have
no effect on the weight factor w,, in Eq. (55) nor on the binding
energy Eg, but it will reduce the value of |¢z(xo)|> by a factor
|£(s)/£(0)|*>. We may obtain an improved estimate of C(t) by
integrating over the displacement s, namely

Ci(7) = 81(1)Co(7),

(B2)

(B3)

Si(r) = vO/dSIf(S)/f(0)|2, (B4)
where vy is the density per unit length of independent choices
of 5. (Here, we have assumed that the bound-state wave func-
tion is broad on the scale of the lattice constant a, so we have
taken the continuum limit a — 0, and we have replaced the
sum over positions by an integral.)

We may determine vy as follows. Consider a set of poten-
tials of the form

Vy(x) = u(x — xo) — nu'(x — xo), (B5)

with a parameter 7. Since the probability of V;, is controlled
by the weight function w,, the variable  will have a Gaussian
distribution of the form

pn) = (2ma2) e, (B6)
with
0, = / dxdx'u' (x)G(x — x")u' (x') (B7)
w/a dk
— [ s kwr. ®8)
—n/a 2 |Vk| (nk + 1/2)
where, as was defined in Eq. (56),
T/ dk N
Gx—x) = / 2 PO gk, (B9)
—m/a 27 |yl *me

and (k) = f dxe ™ y(x). But a small nonzero value of 7 is
equivalent to a displacement of the potential by an amount
s = n, so we must have

—12

vo = lim p(n) = (2707) (B10)

Since the wave function f(s) is normalized to unity, we obtain

Si(r) = 270, | F(O)[*]

The corrected correlation function C; leads to a density of
states similar to that obtained in Ref. [8] using a minimum
counting procedure, which approximated D(E) by the density

-2 (B11)
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of local minima of the smoothed potential Vi with Vi(x) =
0 — E. The factor S; represents the correction imposed by the
requirement that V; is a local minimum at a point x, on top of
the requirement that the value of Vi(x) isequalto 0 — E.
For the acoustic phonon model discussed in Sec. VII,
2

u(x) = ——sech?(kx), (B12)
m

(k) = —]zcsch<lﬂ), (B13)
m 2K

and y; = y|k|. For a classical phonon, ny ~ T/w > 1, so
Eq. (B8) gives

K * dk K 16k°
-2 ~ / —k2|ﬁ(k)|2 — __K’
2 y2T 15m?

o, ~ T (B14)

—00
where similar approximations were used as in Eq. (91). Then,
in Eq. (B11) using £(0) = (k/2)"/? [cf. Eq. (85)], one finds

32Ki3 \"?
) . (B15)

1= (15nm2y2T

Although the correction S| was derived for the ITDH ap-
proximation, it seems reasonable to apply it also to the FWF
approximation. Doing this, one obtains Eq. (101), which only
differs from the exact asymptotic value (100) by a constant
factor of (2/15)!/2. If one applies the correction to the mod-
ified FWF approximation, then, from (B15) and (D5), one
obtains

4x? R
e BmE’

S1(E) Dvpwr(E) = €

V5 mmé

which differs from the exact asymptotic value (100) by a

factor of 1/+/5 and is the same as the density of states in

Gaussian white noise obtained in Eq. (4.9) of Ref. [8] using

the approximation that counted the minima of the smoothed
potential.

Contributions to the preexponential factor beyond those
included in S; come from fluctuations in V(x) that are or-
thogonal to u(x — xp) and u'(x — xp). As discussed in [10],
for the Gaussian white noise potential, these corrections lead
to a finite numerical correction S, to the density of states in
the low-energy tail, which is independent of the energy or
the strength of the disorder potential. Moreover, a calculation
based on second-order perturbation theory is sufficient to ob-
tain results that coincide with the exact asymptotic form of the
density of states (100) [14].

When quantum fluctuations are taken into account, cor-
rections arising from short-wavelength phonons need to be
handled with additional care. As mentioned above, these fluc-
tuations lead to an ultraviolet divergence in the self-energy in
the continuum model, even in one dimension. Specifically, in
second-order perturbation theory, one obtains a self-energy

(B16)

Cm + DIyl

- (B17)
4 pawy (e — E)

Y(k,E)~ — / dk
In the classical phonon limit, where 2n; + 1 — 2T /ay, the
integral converges at large k. When quantum fluctuations are
included, however, the integral has a logarithmic divergence
at large k, giving a contribution to the self-energy of form

(my? /7 pcy)Ina, where ¢, oc p~1/? is the sound velocity and
a is the short-distance cutoff.

In situations in which the resulting self-energy is large,
it may be most convenient to treat the contribution from
short-wavelength fluctuations as a downward shift of the bare
energy spectrum €, while including the remaining fluctu-
ations in a calculation of the preexponential factors in the
density of states.

APPENDIX C: POTENTIAL FLUCTUATIONS
AND GAUSSIAN WHITE NOISE

From Eq. (6), one obtains the operator-valued potential

V) =Y (uay + 1% a)e™, (Ch)
k

and the result
V()W (x4 8x), =L / dxV (x)V (x + 8x)

i) .
= Z Lo (ar + aik)(a}: + a_y)e k¥,

Then, the average of the correlation function over the thermal
ensemble of phonons at temperature T is

il

2 1 —ik(x—x") 2
2/Oka( n + 1e (C2)

VW aNr =)

k
[ dk |yl
- /—n/a 21 2pay
If one uses the quasiclassical potential

Vie () = (el V (0l = D (e + A e )e ™, (C4)
k

ng + De 6= (C3)

its spatial autocorrelation function averaged over the thermal
ensemble of phonons is

|yk|2 —ik(x—x
(VaeCWVae ()7 = ; T ke k=) (C5)
w/a dk 2 ) ,
:/ ——lykl nge K= (C6)
—m/a 27 P Wi

missing the quantum fluctuation contribution to Eq. (C3) [9].
In the classical phonon limit, p — oo while fixing T,
1

n, — ————
KT T 1

T
A — o /p >,
W

which gives

L T dk v *T
(Vx))V(E))r “/ Sl ok

- ()
—nja 2T PO}

1. Continuum acoustic phonon model

For the continuum acoustic phonon model in Sec. VII,
v = v k| and wy given by Eq. (74), the autocorrelation in the
classical phonon limit [Eq. (C7)] becomes

v2T /ﬂ/a dk (ka/2)?

“r —ik(x—x/)'
K J_n/q 27 sin*(ka/2)

V)V ~
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Then, its integration gives

* IAVA Y4 7 1./ \\ cont sz
/ d(x —x)(V(x)V ()7 =K (C8)

2. Gaussian white noise

For Gaussian white noise, the potential spatial autocorrela-
tion is given by

(Vx)VEX)) = %8(}( —x).

Then, its integration gives

* §
| ac—vweven =3, (©9)
—0oQ
By comparing Egs. (C8) and (C9), one obtains the relation
between the parameters in the Gaussian white noise model
and the continuum model,

E_yT

= =— C10

> X (C10)

3. Gaussian statistics

The Fourier component of the quasiclassical potential (C4)

is
V(k) = / dxe” ® Vo (x) = LAf (g + ™). (CI1)
Thus, if the function V(x) is specified, the combinations

ay + o, are thereby determined, but no information is gained
about the quantities n; = oy — a* ;. Note that

X:IOlkI2 :Z o + o, |2 + Jog — %2 (C12)
" ny k 4I’lk
GIW > |l
= , C13
Z[ 2L + 4ny, ( )

k

where we made use of Egs. (B9) and (C11), and Gk) =
[ dxe™™**G(x). Then, wy [cf. Eq. (23)] can be decomposed
into the product of functions of V (k) and 7, meaning V (k)
and n; are independent random variables. If we integrate wy
over the variables 7;, we obtain a probability distribution for
the function V (x):

2 (7 2
Wee = 7' exp [ -y GBIV (k) ]

Cl4
DT} (C14)

- a’ ,
=Z,'exp [ -5 D VG — X)WV (x )}, (C15)
where Z is a normalization constant.

APPENDIX D: MODIFIED FWF APPROXIMATION

If we apply the modified FWF approximation to the one-
dimensional Gaussian white noise potential, the imaginary-
time correlation function Cy,_(7) can be analytically continued
to the real-time correlation function through the relation
T =it

C@ (t) = Cy (it) = | (x0)|2e—itE§’“ —0p1%/2

Since this is a simple Gaussian form, we can easily take the
Fourier transform to obtain the corresponding estimate of the
density of states [cf. Eq. (12)]:

K 3E—/empjec 3 2
Dy (E) = e s 2} (D1)

wék

We get precisely the same result if we use Laplace’s method
to obtain the inverse Laplace transform of Cy_(7) directly [cf.
Eq. (13)]. Note that Eq. (19) predicts E = E? — G(;K Tg, giv-
ing a linear relation between 1z and E: 1z = (E% — E)/ Gdi'

Now the density of states Dy, (E) can be maximized with
respect to the variational parameter «. The value of « that
maximizes the density of states is found from

2
dInDy (E d E — E%
dinDy (E) _ d ln/c——lnadf——( &) =0.
dk dk 2 « ZGQ%K
(D2)

Since this equation is second order in E, it can be solved for
E <O:

K2 K2\*  y2T
E=——— — ) — —«. (D3)
6m 3m 3K
Inverting this equation for « gives the optimal «,(E) that

maximizes the density of states for the given energy E, from
which we obtain

Dyvewr(E) = max, [Dg, (E)] = Dy gy (E). (D4)

In the low-energy limit £ — —oo, the optimal «,(E) re-
duces to the Halperin-Lax result xo(E) — g = (—2mE)!/?
[8]. Then, the asymptotic form of Dyrwr can be obtained:

1/2 3
3KE _ M
Dvewr(E) ~ | —— e % for E <« 0.

An & D)

This result differs from Dgpwg(E), given by Eq. (96), by a
factor of (3/2)!/2.

APPENDIX E: HOPFIELD’S METHOD FOR TREATING
THE FRANCK-CONDON PROBLEM

An application of Hopfield’s method to our problem pro-
ceeds by introducing a function DZ)UA(E ), which is equal to
the trial density of states Dy (E) for a problem where all
the coupling constants C; are multiplied by a constant n'/2,
with 0 < n < 1. Following Hopfield’s arguments, Dy _may be

obtained by solving the “transport equation”

D}, (E) ' ND" (E'
— /dE K(E — E"D} (E"), (ED
3)7 r
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with the kernel

Zior S G
© = —| e+ Ds(e — )

k k

+n8(e + wy) + (a)k% —2ny — 1)8(e)i| (E2)

and the initial condition
DY (E) = |pu(x0)*8(E — E?). (E3)

One then identifies Dy, (E) with D} (E).
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