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Investigating the role of anion polarizability in Fe-based superconductors
via light-matter interaction
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The polarizability of nearby ions may have a significant impact on electron interactions in solids, but only
limited experimental data are available to support this picture. In this work, using a highly simplified description
of the prototypical FeAs superconducting layer, we show how external optical excitation of the As 4p-5s splitting
can lead to a significant modulation of the polarization-mediated effective interactions between carriers. Our
results suggest that even perturbative external fields, approximately 2 orders of magnitude smaller than the
internal field generated by charge carriers, might enable the exploration of the role of the anion’s polarizability
in determining the correlated physics, although more detailed modeling is needed to decide the optimal ways to

achieve this.
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I. INTRODUCTION

There are many proposed theories of superconductivity
(SC), ranging from the well-established BCS theory for
phonon-mediated low-7, superconductors [1] to more specu-
lative ideas such as bipolaronic superconductivity [2,3], the
Little model for organic superconductors [4], the Allender
et al. excitonic models for superconductivity [5], the theory
of hole superconductivity of Hirsch and coworkers [6-8],
and many variations on the theme of a superconducting glue
arising from strong electron-electron correlations, initiated by
Anderson [9] in the context of cuprate superconductivity [10].

The underlying commonality of all these theories is that
their “glue” helps to (over)screen the bare Coulomb repulsion
between charge carriers, resulting in an effective attraction
that favors the formation of Cooper pairs. This suggests
that multiple glues could contribute to superconductivity in
one material, raising the question of how to identify and
differentiate their relative contributions. For phononic and
correlation-based glues (which are the basis of all theories
mentioned above) this issue has been investigated by different
means [11-14], although more work is needed.

In this work, we focus on a less studied glue which could
arise from the polarizability of nearby ions and acts analo-
gously to more established glues (e.g., phonons) as a source
of screening. For specificity, we focus on its role in Fe-based
superconductors, for which this mechanism was first pro-
posed [15] in the context of SC and was argued to contribute
significantly to (over)screening [15,16]. We emphasize, how-
ever, that this mechanism contributes to screening in any
material. Furthermore, we propose an experimental strategy
employing light-matter interactions to assess the relevance
of nonuniform atomic polarizability in determining the
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electronic properties of FeAs. This approach aligns with re-
cent theoretical [17-19] and experimental [20,21] studies that
have reported light-induced modification of the atomic on-site
Coulomb interaction.

The main idea behind our work can be explained in terms
of basic electromagnetism. Consider a FeAs layer, which has
Fe on a square lattice and As occupying alternating corners of
the cubes that have Fe at their centers, such that half of the
As are above and half are below the Fe layer [see Figs. 1(a)
and 1(b)]. Note that we ignore distortions of the cubes; they
are trivial to incorporate in the analysis but lead to small
corrections to the estimates provided below.

The electronic levels with As character are far from the
Fermi energy; hence, the As anions are seemingly not rele-
vant to the electronic properties. However, these large anions
have significant polarizability o, and develop dipole moments
(p) = a,E when subject to the electric field E created by
additional carriers located on Fe orbitals. For a single carrier,
this implies a lowering of its on-site energy by —a,|E[*/2
(at a semiclassical level) for each polarized As ion, where the
field |E| depends on the Fe-As distance. This energy lowering
results in the formation of a quasiparticle dressed by this
polarization cloud—the so-called electronic polaron—with a
renormalized band structure and an enhancement in the effec-
tive mass (by about a factor of 2 in FeAs [16]).

As is typical in polaronic physics, the clouds affect not
only the quasiparticle dispersion but also the effective inter-
actions between quasiparticles: if two carriers are sufficiently
close to one another, they interact with each other’s clouds,
thereby changing the total polarization energy. Specifically,
an As that experiences electric fields E; (E;) from carrier 1
(2) contributes —op|E; + E;|>/2 to the total energy. Of
these three terms, —a,|Eq|?/2 and —a,|E,|?/2 are associated
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FIG. 1. FeSe layer as seen from (a) above and (b) the side. Green
circles show Fe locations, while open (solid) blue squares show
As ions located above (below) the Fe plane. (c) Spectrum of an
unpolarized (left) and a statically polarized (right) As ion. See text
for more details.

with the individual electronic polarons, while —a,E; - E;
is an effective interaction between the two polarons, with
a sign and magnitude that depend on the relative distances
between carriers and between carriers and the As ion involved.
In particular, if both carriers are on the same Fe, then E; = E,
and the effective on-site interaction —ozp|E1|2 is attractive,
resulting in a substantial screening of the on-site Hubbard
repulsion by up to 5-10 eV (see below). For carriers farther
apart, the magnitude of this effective interaction is smaller
but may still contribute significantly to screening and thus
influence the appearance of SC.

Here we investigate whether it is possible to quantify the
relevance of this screening mechanism in Fe-based supercon-
ductors via tailored light excitation. At a microscopic level,
an external field E can induce a dipole moment by exciting
electrons from the full 4p shell primarily into the empty Ss
shell of As’~. A sufficiently intense external electric field
with a frequency close to the 4p-5s resonance can partially
saturate these transitions, thus interfering with the polarization
induced by carriers, altering the strength of their effective
interactions, and ultimately affecting the electronic properties
of the system. The main goal of this article is to understand
whether the modulations due to an external pump could be
significant enough to make such investigations feasible. As
discussed below, we believe that our results are encouraging,
motivating the study of much more detailed models in future
work.

This article is organized as follows: Sec. II introduces the
model and its parameters, Sec. III presents our results in the
absence of the pump, Sec. IV presents results in the presence
of the pump, and Sec. V contains our discussion of the results.

II. THE MODEL

As a first step in answering the question stated above, we
strip down the model used in Ref. [16] to keep only the terms
most relevant to the As polarization (the approximations are
listed in this section and further discussed in the last section),
allowing us to carry out simulations relatively easily in order

to get rough estimates for the magnitudes of various energy
modulations.

First, we assume that there is a single valence orbital per
Fe site and ignore its band dispersion so that charges placed
on Fe ions remain fixed in space. As a result, these charges are
described by

Hee = Un Y _ ijpiy. ey

jeFe

where 71, counts the number of charges with spin o at site j
of the Fe square lattice. Uy is the on-site Hubbard repulsion
between these charges. It includes screening from all other
mechanisms apart from As polarizability (the latter effect is
considered explicitly below), meaning that here Uy is signif-
icantly larger than in models where the As ions have already
been integrated out. The other screening mechanisms are as-
sumed to make longer-range interactions vanishingly small,
although finite longer-range repulsion can be introduced in the
model trivially.

Second, we follow the model in Ref. [16] and describe
the As not in terms of electrons excited from 4p into 5s, but
in terms of holes excited from Ss into 4p orbitals. Thus, for
each As ion we introduce the hole annihilation operators s,
and p, ,, where A = x, y, z indicates the direction of the p
orbitals. In hole language, the ground state of an isolated As’~
ion has the S5s orbital completely occupied with holes (empty
of electrons), while 4p is completely empty of holes (fully
occupied by electrons); therefore,

Has = Q Z P;A,api,x,m (2)

i€As, A, 0

where Q2 > 0 is the energy splitting between the 4p and 5s
shells (we set i = 1). The finite bandwidth of these bands is
also ignored as in Ref. [16].

The polarization of the As ions due to charges located on
the Fe ions is described by

MHp=Y ;Y 8ij(s],Pijo +He), 3)

jeFe i€As,o

Here 7ij = fijy +f;, counts the number of carriers on the
Fe site j. The coupling g;; = \/a,RE;(i)/2 is controlled by
the magnitude of the electric field E;(i) created by one car-
rier located on Fe; at As; at a relative distance r;; in the
direction of the unit vector #;;. In the absence of screening
E;(i) = t;je/ rizj; screening (from other sources) decreases the
magnitude and range of E;(i). Finally, the annihilation op-
erator p; j, = ), (F;; - €.)pi, o removes a hole from the 4p
orbital parallel to #;;. The occupation of the two 4p orbitals
perpendicular to #;; is not affected by the electric field.

To model the interaction with the external electric field E,
(e.g., produced by a continuous-wave laser), we use a similar
term:

Hew (1) = gacos(@at) Y (5], Pia +He). (4

o,i€As

We assume a monochromatic laser instead of an ultrashort
pulse; the implications are discussed in the last section. The
laser electric field E,(t) = €,E, cos(w,t) is polarized par-
allel to the unit vector €, and oscillates with a frequency
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,. The coupling constant of the laser electric field is g, =
a,QE, /2, and the 4p orbital into which the laser can excite
holes is Pia,oc = Z)L(ga . é)»)pi,)»,a-
Therefore, the total Hamiltonian we consider is

H(t) = Hre + Has +Hp+Hext(t)~ (5)

Even after all these simplifications, the model is charac-
terized by seven parameters: 2, o, g1, &2, Un, w,, and g,.
Following Ref. [16], the 5s-4p energy difference is taken
to be 2 = 6eV, and the As polarizability is estimated to
be a, =10-12 A3. The couplings g; and g, are for the
nearest-neighbor (NN) and next-nearest-neighbor (NNN) As
ions, respectively, located at distances r; = a3 /2 and r, =
a~/11/2. In the absence of any screening, g,/g1 = E»/E| =
3/11. Screening will further reduce this ratio, thus supporting
our approximation of ignoring coupling between As and Fe
ions that are at a distance r > r,. In the absence of any screen-
ing and for the 2 and «,, values cited above, g; ~ 2.5eV. The
value of Uy is irrelevant at this level of modeling, as discussed
below. Finally, the frequency of the laser will be tuned across
the resonance w, = 2, while the field strength is typically
chosen to be 1-10 MV /cm, leading to a typical g, =~ 0.05 eV.

II1. RESULTS IN THE STATIC CASE

To set the stage, we first briefly review the results in the
static case (no external perturbation, g, = 0).

A. Spectrum of a polarized As ion

Given any distribution of Fe charges, we calculate the
resulting electric field E at any given As site and its corre-
sponding coupling g =, /&,wE /2. The Hamiltonian for this
As site is then trivial to diagonalize, and as sketched in
Fig. 1(c), for each spin projection it consists of three en-
ergy levels: (1) the ground state with energy Ey(g) = %[Q —

Q2 +4g%] < 0, (2) a doubly degenerate state at energy €2,
and (3) the highest eigenstate with energy E;(g) = %[Q +

V% +4¢%] > Q. States 1 and 3 are linear combinations of
the s and pj orbitals oriented parallel to E, while state 2
is the two p, orbitals oriented perpendicularly to E (see
Appendix).

Given its spin degeneracy, the contribution of this As ion
to the ground-state energy is

Exs(8) = 2E0(g) = Q@ — v Q* + 4¢. (©)

B. Energy of an electronic polaron

We now assume that there is a single carrier doped into
the otherwise charge-neutral system. This carrier is located on
a Fe ion, and g; (g») is the coupling to each of its four NN
(eight NNN) As ions. The couplings are identical for all As
ions at the same distance from the Fe ion because the electric
fields have the same magnitudes, although they are pointing
in different directions. Because the magnitude of the electric
field decreases like 1/ r? (or faster, if there is screening), one
can safely set to zero the coupling for As placed farther than
a cutoff distance. In Ref. [16], the cutoff was chosen such
that only g # 0; here we instead set g;, g» # 0 and show
that the contribution from the second coordination ring of As
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FIG. 2. Total energy of a single polaron as a function of s-p tran-
sition energy €2, plotted for different polarizabilities «,,. The label “1”
refers to contributions from only the four NN As polarization clouds
(g2 = 0), while “1 4 2 also includes the eight NNN As clouds. This
plot assumes no screening.

can be considerable if screening is completely ignored. Since
screening is always present to some extent, we anticipate
that the cutoff falls between the two extreme cases analyzed
previously.

We ignore the small dipole-dipole interactions; hence, the
total energy of the polaron is the sum of energy contributions
from each polarized As ion:

Eps(gl, 82) = 4Exs(81) + 8Eas(£2). (N

We plot this energy as a function of €2 for , = 10, 12 A3
in Fig. 2. We see that depending on the parameters and the
chosen cutoff for the cloud size, the creation of the polariza-
tion clouds can lower the energy of the carrier by anywhere
from 7 to 10 eV.

C. Effective interaction between two polarons

Next, we consider the case with two charge carriers present
in the Fe sublattice of the otherwise charge-neutral system.
E, is the contribution from their polarization clouds when the
two carriers are nth-nearest neighbors. In the limit n — oo,
each carrier independently polarizes the As ions surrounding
it; hence,

E.(g1,8) = 2Epgs(81, 82). (8

When the carriers are close to each other, some As ions
experience the combined electric field of both charges. This
modifies their respective couplings g accordingly and thus
their contribution to the total energy.

Specifically, if the two carriers are on the same Fe
(n = 0), this corresponds to doubling the field experienced by
each As polarization cloud [see Eq. (3)]. This is equivalent
with scaling g; — 2g1, g2 — 2g», and therefore,

Ey = Epgs(281,28). &)

The difference AUy = Ey — Es < 0 defines an effective on-
site attraction mediated by the polarization clouds. We plot
AU for various parameters in Fig. 3(a), showing that it leads
to a very substantial screening of the total on-site Hubbard
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FIG. 3. (a) Effective on-site attraction AUy. (b) Effective attraction between nearest-neighbor polarons AU,. (c) Effective attraction
between second-nearest-neighbor polarons AU,. Labels “1” and “1 + 2” mean that contributions from only NN As and NN + NNN As,

respectively, were included. These plots assume no screening.

energy from Uy to Uy = Uy + AUy. Whether Uj is attractive
or still repulsive in our model depends on the various param-
eters, but in actual materials it is believed to be moderately
repulsive.

The effective polarization-mediated interaction is calcu-
lated similarly for all other configurations, with AU, = E,, —
E. The range of this effective interaction depends sensitively
on the distance cutoff for the included couplings. If this cutoff
is set to include only NN As, then AU, =0 for all n > 3.
If the cutoff also includes NNN As, then AU, = 0 only for
n > 8.

Representative results for AUy, AU}, and AU, are shown
in Fig. 3 for various parameters and cutoffs. Including the
second coordination ring makes all these effective interactions
significantly more attractive; in particular AU, switches from
repulsive to attractive.

We note that we have also performed these calculations
while including contributions from the third coordination ring
of As ions. The variations in the effective attractions are less
than 0.2 eV for our typical parameters even when the electric
fields are assumed to be completely unscreened. Since screen-
ing would reduce these contributions further, we ignore them
throughout.

To conclude this section, in the static case we find a
polarization-mediated effective interaction that is strongly at-
tractive at short ranges, described by

A1 o
AU = 5 Z AU”_ﬂn,-nj. (10)

i,jeAs

Our results show that this attraction is even stronger than
estimated in Ref. [16] because of the non-negligible contri-
butions of the As ions from the second coordination rings.
As such, this (over)screening mechanism is even more likely
to play a role in the appearance of superconductivity and
other correlated orders. To better visualize the momentum g
dependence of AU, we inspect its Fourier transform:

AU

1 .
T i
ﬁ E AU(q)Ck.HLaCk’—q,a’ck/g/cka’ (1 1)

k.k’.q
0.0’

where

AU(q) =) AU ™. (12)

i€As

If only the contribution of the NN As is included,
then AU(q) = AUy + 2AU;[cos(g.a) + cos(gya)] + 4A
U, cos(gxa) cos(qya). If the NNN As are also included, then
AU contains contributions for up to the seventh-nearest Fe-Fe
neighbors.

Figure 4 displays AU(q) for these two cutoffs. As ex-
pected, inclusion of the second ring of As clouds results in
a more structured pattern (higher harmonics). We reiterate
that these results assume no screening when calculating the
electric fields. Consideration of screening would suppress the
contributions of the NNN As, reducing the relative strength
of the longer-range interactions. We emphasize that the mo-
mentum structure of AU with local minima at finite q may
mediate the emergence of (in)commensurate dynamic charge
order [22,23].

IV. RESULTS FOR THE TIME-DEPENDENT CASE

Now we discuss how an external electric field may affect
the polarization of the As ions, thus modulating the effective
interactions between carriers (polarons).

A. Single polaron

Consider any of the As ions polarized by the static electric
field E created by the charge carrier (we continue to include
in the calculation only NN and NNN As ions). Generically,
the laser field E, will have a component parallel to E and
a component perpendicular to it. Indeed, as a direct conse-
quence of the geometrical arrangement of As around the Fe
ion which hosts the charge, it is not possible to choose a
laser field polarization €, so that it is simultaneously parallel
(or perpendicular) to all E at all polarized As sites. If E, is
parallel to E, it excites holes from their static ground state
Ey(g) into the highest eigenstate E;(g). Instead, if E, L E,
it excites holes from Ey(g) into a p, orbital with energy €2.
Thus, even though the resonance is at €2 for the unpolarized
As, the resonant frequencies for a polarized As ion are at
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FIG. 4. Contour plots of AU(q) in the first Brillouin zone with
one Fe per unit cell when (a) only NN As clouds and (b) both NN
and NNN As clouds are included, with no other screening. Other
parameters are ), = 10 Aland Q =6eV.

res,1(8) = E1(g) — Eo(g) = v Q2 + 4g2 and wyes 2(g) = 2 —
Eo(g) = [Q + /22 + 4g2]1/2. If we include both coordination
rings with their corresponding couplings g; and g,, we expect
to observe a rich beating pattern in the presence of a laser field
with w, ~ Q.

We define the time-dependent average polaron energy
Ep(t) as the change in the average energy of the system due
to the presence of a carrier on an Fe. As such, to find Ep(?) in
the presence of the laser field, we need to sum up contributions
from the various As ions polarized by this charge and subtract
the energy of the same As sites in the absence of the charge
carrier (the latter is no longer zero, unlike in the static case).
This requires us to solve the time-dependent Schrodinger’s
equation for each As ion; the details are discussed in Ap-
pendix A. Typical results for Ep(¢) in the presence of a laser
with polarization &, || & = (£ + $)/+/2 are shown in Fig. 5.
We chose the laser frequency w, = 5.8 eV to be close to,
but not resonant with, the s-p transition energy of Q = 6 eV
to avoid an on-resonance response of the unpolarized As
sites, which would overwhelm the polaronic-type contribu-
tions from the polarized (but off-resonant) sites. All the curves
in Fig. 5 show small-amplitude forced oscillations with fre-
quency w, superimposed over a much higher amplitude beat
at a frequency around Q — w, ~ w,/30 due to the unpolarized
sites. When both coordination rings are included, there are

0 10 20 30
=
L
%
B
= 3 \ 04
& —a,= IOAZ, 1 “.,‘- h\\';\vhd, ','/
o, =124" 1 by J
- a, = 104°, 142 Veaonrt
—18 -, = 124°, 142 {-18
0 10 20 30
w,t/2m

FIG. 5. Energy of a single polaron under laser perturbation with
polarization &, || & = (X + )/ /2. Here we assume the s-p transi-
tion at a typical value of Q2 = 6 eV and simulate laser perturbation
with frequency w, = 5.8 eV and field strength 5 MV /cm.

additional beat frequencies coming from the least polarized
As ion, whose resonance frequencies w12 are closest to €.

B. Effective interactions between two polarons

To calculate the light-induced transient evolution of the
effective interaction AU, (t) = E,(t) — E5(¢) for two carriers
that are nth-nearest neighbors, we mirror the static calculation
and calculate Eo(t) = 2Ep(t) of two polarons located very
far apart. The calculation of E, (¢) is similar to that of Ep(t)
displayed in Fig. 5 but involves more values of the couplings
(and hence more resonances) depending on the positioning of
various As sites with respect to the Fe sites hosting the two
charges.

Figure 6 shows the time dependence of the effective
attraction between on-site, nearest-neighbor, and second-
nearest-neighbor polarons upon light excitation with €, || &;.
Without loss of generality, we fix the position of the charges in
these plots so that NN charges are along X and NNN charges
are along €,. We report a time-dependent behavior mirror-
ing that of a single polaron in Fig. 5. Interestingly, we see
that the short-range effective interactions turn more repulsive
(even when they started strongly attractive) at around 7, ~
/(2 — w,). This is reasonable considering that 7,, roughly
defines when the external field induces its maximum polar-
ization of As ions. This light-induced polarization competes
with that induced by the static electric field of the charge
carriers and therefore affects the screening of their effective
interactions. In particular, the stronger stability of individual
polarons for w,T,,/2mw ~ 17 translates in an effectively more
repulsive (less screened) effective interaction between carriers
at those times. The amplitude of the variations of the various
AU,(t) terms is very considerable even for a laser electric
field of 5 MV /cm, for which the corresponding g, = 0.05 eV
is 2 orders of magnitude smaller than g; ~ 2.5 eV.

The variations of the various AU,(t) combine into an
overall variation of their Fourier transform AU(q, ). The
differences AU(q,t) — AU(q, 0) are displayed in Fig. 7 for
wyt /2 ~ 17 and for w,t /2w ~ 27.5. The significant changes
with time suggest that the effects of the laser should be readily
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FIG. 6. Effective attraction between (a) on-site, (b) nearest-neighbor, and (c) second-nearest-neighbor polarons under laser excitation as a
function of time. We assume a sharp s-p transition at = 6 eV. The simulated laser has frequency w, = 5.8 eV and is oriented along ¢;. The
NN charges are aligned parallel to €}, and the NNN charges are placed parallel to X.

visible from modulations of the properties of the electronic
state of the system, as well as underlying collective modes.
Figures 8(a)-8(c) explore the dependence of AUy(t) on
the intensity, frequency, and polarization of the laser, respec-
tively. We show results only for AUy(¢) because the other
effective interactions display analogous responses, although
with smaller amplitudes. As expected, the amplitude of the re-
sponse increases monotonically with increasing laser intensity
[Fig. 8(a)] and with decreasing detuning 2 — w, [Fig. 8(b)].
Figure 8(c) shows that the polarization of the laser field
does not play much of a role in the amplitude of the response.
That is because of the geometry of the lattice, which leads
to static electric fields at various polarized As sites being
“hedgehoglike.” This is a key result because it should allow
one to isolate changes in the behavior of the system due to

(@ os 5
R B[ E
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L I e
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(b) o5 5
4
3
=2
Nk 1
S 0.0 | 0
b“: = -1
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-0.5 | -5
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the mechanism discussed here from other possible changes
induced by E,. For instance, apart from polarizing the As, an
external electric field could also excite electrons from below
to above the Fermi energy if the band structure is such that
direct electronic transitions with energy w, are possible. Such
electronic excitations should, however, be very sensitive to the
laser polarization, which would have to be aligned with the
local dipole of that transition.

All the results discussed so far are for a laser frequency
w, < 2, meaning that the (otherwise) unpolarized As orbitals
are closest to resonance with the laser and determine the
period of the beats. Figure 9 mirrors Fig. 8(b) but for fre-
quencies w, > €2, where some of the polarized orbitals can
become resonant. Indeed, besides the expected strong reso-
nance at w, = 2 = 6eV, we accidentally get close to another

0.5 5
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FIG. 7. Contour plots of the differential AU(q,t) — AU(q, 0) in the first Brillouin zone at (a) maximum repulsion w,?/2m ~ 17 and
(b) maximum attraction w,t/2mw = 27.5. The reference points of AU(q, 0) are identical to the static results in Fig. 4. The model includes As
ions in ring 1 (left panels) and ring 1 4 2 (right panels). The laser electric field has an amplitude of 5 MV /cm and a frequency of 5.8 eV and

is polarized along ;.
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FIG. 8. Effective attraction between on-site polarons under laser
excitations with different (a) laser field amplitudes, (b) laser exci-
tation frequencies, and (c) laser polarization directions indicated by
coordinates of &, &,, &;. In all these simulations the NN charges are
along é;, and the results include contributions from their NN + NNN
As sites. Unless otherwise labeled in the legend, the simulated laser
electric field is 5 MV /cm, laser frequency is 5.8 eV, and it is polar-
ized along ;.

resonance for w, = 6.1 eV, which could be due to the
alignment of w, with either w1 Or wps» of some of the
polarized ions.

o (V)
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L 1
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wet/2m

FIG. 9. Same as in Fig. 8(b), but for laser frequencies between
5.8 and 6.4 eV.

Of course, in a more realistic description of the system
these resonances would be tempered by a variety of ways
in which the polarized As ions could dissipate their energy
into other subsystems, like the lattice and other electronic
degrees of freedom. As such, these results are not meant to
be quantitatively accurate; instead, they serve only as a proxy
for illustrating the nontrivial influence of an external electric
field on the polarization of As ions and, through that, onto
the polarization-controlled screening of carrier-carrier inter-
actions in the system.

V. DISCUSSION

In this study, we investigated whether an external field
resonant to the As 5s-4p transition, with a coupling magnitude
nearly 2 orders of magnitude lower than the coupling of As to
the field caused by a nearby charge, can be an effective means
to drive a sizable modulation of the effective polarization-
mediated interaction between carriers in FeAs.

Our simulations suggest that the effect can be very consid-
erable, especially if the external field happens to be close to
resonant with some of the many possible resonances of the
polarized As ions. The observed modulation of the effective
carrier-carrier interactions by a few eV and the change in some
terms from attractive to repulsive should have a very consider-
able effect on the electronic properties of FeAs. This extends
beyond superconductivity and includes all other possible or-
dered states (magnetic, charge order, etc.). The significant
modulation of the effective interactions driven by the external
electric field could switch the system either between different
ordered states or between an ordered state and a disordered
one. Even if the system is deep inside an ordered state and
the modulation is not sufficiently strong to drive a phase
transition, the characteristic energy scales associated with the
collective excitations of that ordered state should change in
response to the applied external electric field.

While here we focused on the simplest scenario of apply-
ing a continuous-wave excitation, pump-probe spectroscopic
approaches may also provide direct experimental evidence
of light-induced modulation of the electronic polarizability
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in FeAs and related compounds. Our simulations predict
a significant modification of the interactions within a few
tens of optical cycles, corresponding to approximately 20 fs
for photon energies in the 6 eV range. Pump-probe table-
top all-optical spectroscopies [24] or free-electron-laser-based
x-ray scattering approaches [20,25] can achieve these tempo-
ral resolutions and extract light-induced modulations of the
Coulomb interaction. The effect of an ultrafast pulse on the
effective carrier-carrier interactions can be calculated with
the same methods we used by changing the profile of the
external field in Eq. (4).

However, in order to make more quantitative predictions,
it is imperative to first relax the many approximations we
made in this model. In particular, the Fe superconductors are
multiband systems [26—28] with nontrivial electronic bands,
instead of the flat (dispersionless) single-orbital case studied
here. It was shown in previous work that the dressing by
As polarization clouds results in a sizable renormalization
of these bands [16], roughly by a factor of 2. It remains
for future work to determine whether and how an external
laser field would affect this renormalization of the electronic
band structure, in addition to the modulation of the effec-
tive carrier-carrier interactions discussed here. We expect that
this renormalization is both direct (if the laser modulates the
polarization cloud of a quasiparticle, which will affect its
effective hopping between sites) and also indirect (even within
a Hartree-Fock approximation, a modulation of the effective
interactions will induce a change in the single-quasiparticle
dispersion). If this band renormalization turns out to be signif-
icant, time- and angle-resolved photoemission spectroscopy
could be employed to track light-induced band structure renor-
malization over the entire momentum space [29].

Another very necessary improvement is to allow the As s
and p levels to also broaden into bands. Our simple calculation
presented here assumes that each As ion is instantaneously
polarized by the various fields (from charges or from the
laser), and these polarization clouds do not have any dynamics
of their own. In reality, the finite bandwidth of these bands
means that the electron-hole excitation created by the electric
fields can hop onto neighboring As sites, thus affecting the
nature of the polarization clouds and therefore their overall
effect on both quasiparticles’ dispersion and their effective
interactions. Potentially more damaging for the proposal made
here is the fact that a finite bandwidth of the As levels may
turn the discrete eigenstates sketched in Fig. 1(c) into broad
resonances inside these bands. If this were to happen, then the
large effects illustrated in Fig. 9, obtained when the laser fre-
quency is resonant with some of these discrete levels, would
likely be washed out. While this possibility obviously needs
to be investigated carefully, we expect that at least some of
these discrete states are located outside the bandwidths of
their respective bands and therefore would survive as discrete
levels even when the hybridization is turned on. For instance,
consider an As adjacent to an Fe hosting two charge carriers.
Their electric field lowers the ground state of the As from en-
ergy “0” (in fact, the center of the 5s band if hopping between
As states is allowed) to %[Q — Q2 4+ 16g2] ~ —2.8 eV for
the typical values we used here. This level will be located
below the 55 band (and thus remain discrete and exhibit a
resonant effect) if the bandwidth of the latter is less than

~5.6 eV, which seems likely considering the large distance
between neighbor As ions given their alternations above and
below the Fe plane.

Finally, our model also ignores the effects of the dop-
ing ions that donated the charge carriers to the FeAs layer.
This is a reasonable approximation if these ions are located
sufficiently far that their electric fields within the FeAs layer
are much smaller than those of the carriers, but this assump-
tion needs to be tested.

This is why we believe that before we can proceed to sug-
gest the most promising experimental approaches to observe
and untangle the effects of the As polarization on the behavior
of the Fe superconductors, all these above-mentioned approx-
imations need to be relaxed. Understanding the details of all
this phenomenology is not a trivial exercise, and we leave it to
future work, which might use methods like those employed in
Ref. [30] for a somewhat related but still very different prob-
lem. Nevertheless, we believe that the work presented here
provides strong motivation for engaging in these much more
complicated calculations: the effects we find are so significant
that it seems very likely that they will persist in more detailed
models, albeit with quantitative and perhaps even qualitative
changes.
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APPENDIX: CALCULATING THE TIME-DEPENDENT
AVERAGE POLARIZATION ENERGY FOR AN AS ION

Here we briefly describe the calculation of the time-
dependent average energy contributed by one As ion subject
to the laser field. The results shown in Sec. IV include contri-
butions from all the polarized As ions.

For simplicity, we drop the site and spin index and de-
note the hole operators of the As of interest by s and p;,
A =1, 2, 3. Let E be the static electric field at the As site due
to the various charge carriers present in the system, let g =
Vo, 2E /2 be its corresponding coupling, let A, = E - &, /E
define the orientation of the electric field along various axes,
and let p =), A; p; be the p orbital oriented parallel to the
static electric field.

The static part of the Hamiltonian

3

has+hy =) plpi+ g p+He) =D Eyva
A a=0

is diagonalized by the operators y, = cosas’ — sinap',
v, =sinas’ +cosap’,  y) = (Aspl — Axp})/VAS + A3,
and y; = [—(A3 +AD)p| + AjAapl + A1Aspi1/VAS + A,
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where Ep = 3(Q — VQ* +4¢%), Ei = 3(Q+ VQ? +4¢%),
E; =FE; =Q,and cosa = \/(1 + Q//Q% +4g%)/2.

Because they are degenerate, the operators y, and y3 can
be chosen to be along any two directions orthogonal to E. The
choice made above is optimal when the laser field is assumed
to be parallel to &; = €, so that y, is orthogonal to both E and
€,. For a different ¢,, y» is rotated accordingly.

‘With this choice, ﬁm(t) = g, cos(w,t)(s"p; +H.c.) canbe
recast in terms of only yy, 1, and y3, namely,

A | sin2a) —cos(2a) cosaA;
hext = ga(1)¥W" | —cosRa) —sin(2w) sincA, (W,
cosak | sin A | 0

(AD)

where g,(1) = gocos(w,t) and T =[y/ [ y/1 EL =

VE; + E} and A| = vA3 + A3 are the components perpen-
dicular to the laser polarization &,. )
To solve Schrodinger’s equation i a%|¢(t)) = hot ()] 0(1)),

we write  [¢() = ), da()e My f10),  leading
to a system of three coupled differential equa-
tions: dy = —ig.(t)[sin(Re)dy — cos(2ar)e 1 ’Ef’)tdl +

cosaA e~ FB~E)lgy], with similar notation for d; and
d;. We integrate these equations numerically using the
fourth-order Runge-Kutta method, starting from the ground
state [¢(0)) = yOT|O), ie., dp(0) =1,d,(0) = d3(0) = 0.

The time-dependent average polarization energy of this As
ion is then found using E(¢) = (¢(t)|flmt ®)|p@)).
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