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Multiple amplitude modes in strongly coupled phonon-mediated superconductors
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We study collective amplitude modes of the superconducting order parameter in strongly coupled electron-
phonon systems described by the Holstein model using the nonequilibrium dynamical mean-field theory with the
self-consistent Migdal approximation as an impurity solver. The frequency of the Higgs amplitude mode is found
to coincide with the superconducting gap even in the strongly coupled (beyond BCS) regime. Besides the Higgs
mode, we find another collective mode involving the dynamics of both the phonons and the superconducting
order parameter. The frequency of this mode, higher than twice the renormalized phonon frequency in the super-
conducting phase, is shown to reflect a strong electron-mediated phonon-phonon interaction. Both of collective
modes are predicted to contribute to time-resolved photoemission spectra after a strong laser pump as vertex
corrections to produce resonance peaks, which allows one to distinguish them from quasiparticle excitations.

DOI: 10.1103/PhysRevB.93.094509

I. INTRODUCTION

Theoretical and experimental investigations of coherent
dynamics in superconductors out of equilibrium have a long
history [1-24]. Renewed interests have been aroused by
recent observations of the amplitude mode in conventional
phonon-mediated superconductors driven by a strong THz
laser [15,16]. When a continuous symmetry is broken, there
emerge phase modes and amplitude modes. In a supercon-
ductor (SC), where the carriers are subject to a long-range
Coulomb interaction, the gapless phase mode couples with
the interaction and is lifted to the plasma frequency, which
is generally much higher than the SC energy scale. This
mechanism of gaining mass through a coupling with a gauge
boson is the so-called Anderson-Higgs mechanism [25,26],
and the unaffected amplitude mode is called the Higgs
amplitude mode in analogy with particle physics. Before this
experiment [15], the amplitude Higgs mode had been observed
only in a special case, 2H-NbSe;, where SC coexists with a
charge density wave [4-6,18,19]. Theoretical studies of the
SC order parameter dynamics have so far primarily focused
on the static mean-field dynamics [1-3,5-13,17,19,22-24].
One important conclusion of these works is that the frequency
of the Higgs amplitude mode (wy) should coincide with
the SC gap (2Agc) in the BCS regime [27], which is a
threshold for quasiparticle excitations. This relation leads to a
suppression of the relaxation channel to Bogoliubov particles
and a power-law decay of the Higgs oscillation.

The material used in the recent experiments [15,16], NbN,
has a relatively large dimensionless electron-phonon coupling
Aeft = 1, corresponding to the strong-coupling regime [28—
31]. Hence it is necessary to understand how strong electron-
phonon (el-ph) couplings can affect collective excitations in
conventional superconductors. An important issue is the rela-
tion between wy and the SC gap in the strongly coupled regime,
which directly affects the lifetime of the amplitude mode and,
therefore, its accessibility in experiments. In a broader context
it is also important to understand the effects of the phonon
dynamics on the amplitude mode and what types of collective
excitations can exist in strongly coupled el-ph systems.
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Previous studies on collective modes in strongly coupled
phonon-mediated SCs are limited to very recent works without
nonequilibrium phonon dynamics [20,21]. In principle, the
collective amplitude modes are represented by poles of the
dynamical pair susceptibility. This quantity can be obtained in
the strongly coupled regime by solving the Bethe-Salpeter
equation with a frequency-dependent irreducible vertex on
the Matsubara axis and by a subsequent numerical analytic
continuation for real-frequency information, which would be
a bottleneck to this approach. In this paper, instead of directly
solving the Bethe-Salpeter equation, we explore the behavior
of the collective modes in strongly coupled SCs by simulating
the nonequilibrium response to weak perturbations using the
nonequilibrium dynamical mean-field theory (DMFT) [32].

II. MODEL AND METHOD

The model for strongly coupled SCs that we consider here
is the Holstein model, whose Hamiltonian is

H=—v Z (c;acj,(, +H.c.) — MZni

(i,j),0 i

+ wy Zaja,» —f-gX:(Cl,T +a;)(n; — 1), (H

where c;f creates an electron with spin o at site i, v is the
electron hopping, w is the electron chemical potential, n; =
CiT,TCM +¢; | ¢i,), wo is the bare phonon frequency, a;[ creates
a phonon, and g is the el-ph coupling. We consider the s-wave
SC phase of this model.

In DMFT, the lattice model Eq. (1) is mapped onto a single-
site impurity model, whose action in the Nambu formalism
reads

Simp = i / dtdt' Wi )Gy o (t.)W(t) +i / drdt'a' (1)
¢ c
x(id, — wo)a(t) — i / digla(t) + a' ()1 ()69 (1),
C
)
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where fc denotes an integral on the Kadanoff-Baym (KB)
contour, Wi(7) = [cﬁ(t),ci(t)] a Nambu spinor, O a 2 x 2
matrix, and &, a Pauli matrix. QAJ ;(t,t/) is the Weiss Green’s
function on the KB contour, which is determined self-
consistently so that the impurity Green’s function Gimp(t,t/) =
—i(T,W()Wi(r")) and the impurity self-energy 3 coincide
with the local Green’s function for electrons, G(t,t/) =
—i{T¢ ‘lli(t)\lllf(t/)), and the momentum-independent self-
energy in the original lattice problem [32]. Here, T¢ is
the contour ordering operator. DMFT is justified in the
limit of infinite spatial dimensions. For el-ph systems, we
introduce the phonon Green’s function defined as Diyp(7,1") =
=2i(Te X)X (t")),with X = (@ + a)/ﬁ, and itis equivalent
to D(t,t") = —2i{T¢ X;(t)X;(¢)) in the lattice problem.

The most important part in DMFT is how to solve the
effective impurity problem. In principle, even in a nonequilib-
rium setup, one can solve the problem with a quantum Monte
Carlo (QMC) impurity solver [32,33]. However, because of a
dynamical sign problem [33] it is difficult to access the time
scales needed to study the relatively slow dynamics of phonons
and order parameters. In order to avoid this difficulty, we em-
ploy the self-consistent (renormalized) Migdal approximation
[34—42], which is justified when the phonon frequency wy is
small compared to the electronic bandwidth [34-36,38,40].
In the self-consistent Migdal approximation, the electron
self-energy (¥) and phonon self-energy (IT) in the effective
impurity model are given by

3(t,1") = i g Dimp(t,t)63Gimp(t,1)53, (3a)
(t,') = —ig? tr[63Gimp(t,)63Gimp(t',)].  (3b)

In equilibrium, we choose the s-wave SC order parameter
¢ = % > {ciycip) € R, where N is the number of sites. In
the following, we consider an infinitely coordinated Bethe
lattice, which has a semielliptic density of states, N(w) =

1 JV4v2 — €2, and we set v, = 1, i.e., the electron band-

20?2
width W is 4. We focus on half filling, a small enough
phonon frequency wy = 0.4, and the coupling regime Aegr < 2,
where the Migdal approximation should give qualitatively
correct results. Here, A is the dimensionless electron-phonon
coupling defined from the dressed phonon propagator (see
Appendix A). We have confirmed that the results for a lower
frequency wy = 0.2 are qualitatively similar to those for
wo = 0.4 (Appendix B).

In this paper, we consider two types of excitation protocols.
The first protocol is a perturbation Hamiltonian He(f) =
Fex(t)Bo, with By = Y, (c],cl| + ciycip) and Fex(r) = di(0).
Explanations about the implementation are provided in
Appendix C. This external field is used to evaluate the
dynamical pair susceptibility,

Xt — 1) = —i0(t — t'){[Bo(1), Bo(t")]). )

We note that this susceptibility is relevant to the dynamics of
the amplitude of the SC order parameter, since we take ¢ to be
real.' In order to obtain the susceptibility we choose a small

'At half filling the phase and amplitude of ¢ do not mix and ¢
remains real even in the nonequilibrium dynamics.
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FIG. 1. Diagrammatic expressions in the Nambu formalism for
(a) the dynamical pair susceptibility, (b) the vertex within the
unrenormalized Migdal approximation, and (c) the vertex within
the self-consistent Migdal approximation. Open circles represent I,
solid dots 8, (bare vertex), and green parts A defined in the text.
Solid double lines indicate dressed electron Green’s functions, wavy
double lines dressed phonon Green’s functions, and wavy single lines
bare phonon Green’s functions.

enough d. The second protocol is a modulation of the hopping
parameter, He(f) = —SU(Z)ZMW (ci(,cj,g + H.c.), which
mimics the effective band renormalization of a strong and
high-frequency laser [43].

‘We now elaborate on the dynamical pair susceptibility eval-
uated from DMFT+self-consistent Migdal approximation. In
general, we can express the dynamical pair susceptibility as
the retarded part of a response function on the KB contour,

Scl—i tr{61G (1,1 + 0}
SC[Fex(t/)]

Xpair(t9t/) =

Fx=0

1 a N
—i | dhdty tr| 6, — G, 1)Uttt
/612[11\/2](:1((1)(12)

x Gl + og)}, 5)

where Kk is a momentum and J¢[- - - ]/8¢[- - - ] is the functional
derivative on the KB contour. The diagrammatic expression
for xpair(t,t') is shown in Fig. 1(a). Here, [" is a renormalized
vertex, which can be expressed as

SelE(t,1M)]

L@,tst") =101, 1") + :
(SC[Fex(t”)] Fox=0

(6)

where T'O(t,¢/;¢") = 6,80(t",1)8c(t",1') is the bare vertex,
8c(t,t') is the delta function on the KB contour, while
the second term is the vertex correction. In perturbative
approximations the expression for the self-energy is known,
hence we can evaluate 8¢[3(¢,1')]/8c[ Fex (t")] explicitly.
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In the case of DMFT+-self-consistent Migdal approxima-
tion, the vertex part is given as

IR
= 618¢(t",0)8¢c(t" 1) +ig” D(t,t)A(t,1';1")

+ g*d3G (1,163 / dizdts D(t,3) D(ts,1")
c

At A3, 131G (10,13)] + [ G o3, 1) Alta 3 1)) (D)
Here, A(t.1;t") =+ Y [ dtdtrdsGi(t,1)I(t1,12:1") Gy
(t2,t")d3. The diagrams for the vertex part I' are displayed in
Fig. 1(c) and a detailed derivation of the expression is given in
Appendix D.

In contrast to our treatment, the BCS and unrenormalized
Migdal approximations [20,21] describe a situation where the
phonons always stay in equilibrium. In these two cases the
equation for the vertex part contains only the first and second
diagrams in Fig. 1(c) with the dressed phonon propagator
replaced by the BCS interaction or the unrenormalized phonon
propagator. In the unrenormalized Migdal approximation, the
expression for the self-energy reduces to

SMiE(r 1) = ig? Do(t,1')63 Gimp(t,1)63, ®)
and we have
0@, tt") =100t 1)+ ig? Do(t,t)A@,1'51").  (9)

This equation is illustrated in Fig. 1(b). Thus the third and
fourth diagrams in Fig. 1(c) represent the feedback from the
phonon dynamics and have not been taken into account in the
previous papers on collective modes.

III. RESULTS

A. Dynamical pair susceptibility and collective amplitude
modes

We now discuss the behavior of the pair susceptibility xpair
in the strongly coupled SC. Figures 2(a) and 2(b) display
Xlﬁir(t). Also plotted is the bubble contribution X(fpair([)’ which
is obtained by approximating I* ~ 6,8¢(t”,1)8¢(¢",t'). While
x(fpair(t) damps quickly (within 7 ~ 1/W), x5 (¢) exhibits
long-lived oscillations. Since X pair Only includes the contri-
bution from the single-particle excitations, this indicates that
the long-lived oscillations result from collective excitations.
A further finding is that, in contrast to the BCS dynamics,
the oscillation contains multiple modes, which becomes more
evident as we increase the el-ph coupling.

We can capture the nature of the collective modes by
comparing in Figs. 2(c) and 2(d) the electron spectrum
A(®) = —1 G®(w), the phonon spectrum B(w) = —1 DR (w),
and —Im Xlﬁir(a)) = —Im fot“‘“‘ dt X}ﬁir(t)eiwt , with fpma = 200.
First, we note that the strong el-ph coupling makes the gap
edge smooth unlike in the BCS theory, and we define the gap
size 2Agc by the energy where A(Agc) = N(0). We also note
that, when the renormalized phonon frequency is comparable
to the SC gap, the strong el-ph coupling leads to a highly
asymmetric renormalized phonon spectrum in the SC state
with a sharp peak below the SC gap [see Figs. 2(c) and 2(d)
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FIG. 2. (a), (b) Dynamical pair susceptibility against ¢ evaluated
with the full dynamics in the self-consistent Migdal approximation
[ Xpair(#)] and with the bubble diagrams [xo pair(t)] for (a) g = 0.45,
B =80 (Aerr = 1.38) and (b) g = 0.47, B = 80 (Aer = 1.89). (), (d)
Comparison of the electron spectrum A(w/2), the phonon spectrum
B(®), —Im % (@), and —Im x % () for (c) g = 0.45, B = 80 and
(d) g =047, B =80. xpair(w) and xg pair(w) are evaluated from the
dataatr € [0,200]. The factor of 2 in A(w/2) facilitates a comparison
between 2Agc and wy.

and Appendix A]. In the normal state, on the other hand, the
phonon spectrum exhibits an almost symmetric single peak
with a low-energy tail, and the renormalized phonon frequency
is softened by the el-ph coupling [34,39]. These features in
the phonon spectra have indeed been experimentally observed
in some strongly coupled SCs [44-48], and theoretically
explained as an effect of the phonon self-energy [49] (phonon
anomaly).

Figures 2(c) and 2(d) show that there exist two different
modes in —Im Xlﬁir(w) at frequencies we call wy and wyp
(wy < wmp). The lower-frequency peak is always located near
the SC gap energy (w/2 =~ Agc), and this also holds as we
approach the BCS regime [see the inset of Fig. 3(b)]. We
can thus identify this mode as the amplitude (Higgs) mode
of the strongly coupled SC. In other words, the BCS relation
wp = 2Agc is found to hold to a good approximation even
when the el-ph coupling is strong and the phonon energy is
comparable to the gap. The higher-frequency mode at wp»
[Figs. 2(c) and 2(d)], on the other hand, is a new collective
amplitude mode. This mode becomes more prominent as
the el-ph coupling increases and is absent both in the
BCS [1-3,5,6,9—-13,17,19,22-24] and unrenormalized Migdal
analyses [20,21]. These facts suggest that it does not exist in
the weak-coupling regime, where the BCS treatment should be
justified, and originates from the phonon dynamics. However,
wpp does not have a simple relation with the renormalized
phonon frequency w,, which is defined as the peak position in
the phonon spectrum.

In order to obtain a full picture, we plot characteristic energy
scales against T in Fig. 3. As for the Higgs amplitude mode,
we can see that the relation wy >~ 2Agc is indeed robust for
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FIG. 3. Characteristic energies against temperature (7) at (a) g =
0.45, wy = 0.4 and (b) g = 0.47, wy = 0.4. Vertical lines indicate 7.
The inset shows the el-ph coupling (1) dependence of wy and 2Agc
at B = 80.

the whole region of T studied here.> We consider that the
relation between wy and 2Agc is not obvious in the strongly
coupled regime. This is because, in principle, the Higgs mode
can hybridize with other collective modes. One example is
the Higgs mode in a coexistence region of SC and charge
order, where the hybridization with the amplitude mode of
the charge order can push the Higgs mode below the SC
gap [5,19]. In the present case, as demonstrated below, the
Higgs mode hybridizes with the wy, mode, which makes
it slightly softened, but this effect is relatively small for
Aeti S 2, s0 that wy remains close to 2Agc. One important
consequence of the relation wy >~ 2Agc is that the damping
channel to quasiparticles remains small, so that the Higgs
amplitude mode remains long-lived. This applies especially
at low temperatures, where the gap edge is sharp enough and
the energies of quasiparticle excitations are lower bounded
at 2Agc. As we increase the temperature toward 7., the
quasiparticle lifetime from the strong el-ph coupling decreases
and the gap edge becomes smoother. Hence the quasiparticle
excitation is not strictly lower bounded at 2Agc, which should
lead to a shorter lifetime of the Higgs oscillation. A detailed
analysis of the damping of the Higgs mode will be shown
elsewhere [50]. In addition, we note that a possible relaxation

2The uncertainty in the gap size is estimated from the peak position
of A(w) and the position where A(w) = N(0)/2 in Fig. 3.
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channel from the Higgs mode into two phonons is restricted
due to the suppression of the phonon spectral weight in
the low-energy regime, which is associated with the phonon
anomaly.

Now we turn to the wp, mode. Both the wy and wy, modes
are absent in the dynamical pair susceptibility in the normal
state. On the other hand, the latter mode is closely related
to the coherent phonon oscillation that persists at 7 > T,. In
Fig. 3, we display wyy, the frequency of coherent oscillations
in the response of (XX) (i.e., the fluctuation of the phonon
displacement) after a small hopping quench. We can see that
wyx coincides with wyp in the SC phase, which indicates that
the oscillations in these two different susceptibilities originate
from the same collective mode. Hence this mode intertwines
both the phonon dynamics and superconducting amplitude
oscillations in the SC phase. With decreasing temperature, wy x
softens in the normal phase, while it hardens in the SC. If the
wm, OF Wxx, mode were merely a coherent phonon mode, the
frequency would be equal to 2w, , where w, is the renormalized
phonon frequency defined as the position of the dominant peak
in the phonon spectrum (see Appendix A). The factor 2 appears
because the present excitation does not induce any average
phonon displacement.® This naive expectation (wyx = 2w,)
is satisfied in the normal state with el-ph couplings that are
not too strong, while in the SC phase wp; (= wyxyx) drastically
deviates from 2w, (see Fig. 3).

B. Diagrammatic analysis

In this section, we address (1) the effect of the phonon
dynamics on the amplitude Higgs mode, and (2) the origin of
the discrepancy between wy; and 2w, in the SC. To gain some
insights, we evaluate the contributions from certain subsets
of the diagrams for xpu. The first subset is Xel-tadger» Which
is illustrated in Fig. 4(a). In the BCS and unrenormalized
Migdal approximations, where the nonequilibrium dynamics
of the phonons is neglected, the vertex I includes the first two
diagrams in Fig. 1(c), which leads to ladder diagrams with
electron legs. Hence we can regard )x.|.jadder @S the contribution
without phonon dynamics. Indeed, this subset is evaluated by
considering the time evolution with

S(1,1') = ig* D (1,183 Gimp(1,1)83, (10a)
M(1.1") = —ig> [ 6365 (1.1)63G50 (1 .1)]. (10b)

Here, “eq” indicates that the functions are fixed to their
equilibrium value. On the other hand, the third and fourth
diagrams for the vertex in Fig. 1(c) only appear in the self-
consistent Migdal approximation, and thus represent the effect
of the phonon dynamics. By eliminating the second diagram
in the vertex in Fig. 1(c), we obtain a set of diagrams for the
pair susceptibility, which is illustrated as Ypp-jadger in Fig. 4(a)
and represents the contribution from the phonon dynamics.

30ur excitation protocols are homogeneous and do not change the
total particle number. Hence no lattice distortion is induced, (X) = 0,
and only symmetric dynamics is allowed for the statistical distribution
for the lattice displacement. Hence 2w, is most relevant for the
dynamics.
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FIG. 4. (a) Diagrammatic expression for xeiiadder and Xph-tadder
with the electron-mediated phonon-phonon interaction (shaded box).
Comparison of contributions from different sets of diagrams for
(b) x(¢) and (c) —Im x (@) with g = 0.45, wy = 0.4, B = 80.

We can evaluate Xppjadder Dy computing the time evolution
with

3(1,") = ig” Dimp(t,1)63G53,(1,1)63, (11a)
(t,t') = —ig? tr[63Gimp(t,1)63Gimp(t',1)].  (11b)

In Figs. 4(b) and 4(c), we plot xlﬁir, X & aders and X[ﬁq-ladder
in the time and frequency domain. It turns out that each
of Xe]f-ladder(t) and Xp’;»ladder(t) exhibits oscillations with a

single characteristic frequency, which agrees well with wy
and wyp, respectively. Hence wy and wy, are mainly deter-
mined by the processes represented by Xel-lagder a0d Xph-ladder>
respectively.

As for question (1), even though the response without
phonon dynamics mainly sets the energy scale of the Higgs
mode, we do observe effects from the phonon dynamics, in the
form of a phase shift in the Higgs oscillation between X}ﬁir(t)
and x| 14 (1), and also in the form of an overestimation of wy
in the latter approximation by several percent [see Figs. 4(b)
and 4(c)]. In addition, the larger intensity in X;ﬁir(‘“) at wy
than in x X .. (@) is consistent with the expectation that the
damping of the Higgs oscillation should be slower in the former
because the softened wy value leads to suppression of available
quasiparticle relaxation channels. These differences can be
attributed to the remaining diagrams in xp,;, which are not
included in Xeljadder aNd Xph-ladder- These diagrams hybridize
electron ladders and phonon ladders, and the decrease of wy
estimated from xej.jagder Can be ascribed to an effect of the
hybridization between the Higgs mode in Xejjadder and the
phonon-origin mode in Xpp-iadder-

As for question (2), we first note that 2w, oscillations are
expected from the two parallel phonon propagators in the
second and third diagrams for xph.1agder- Therefore, the notable
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FIG. 5. (a) Diagrammatic expression for pp.jagder and Kph-iowest-
The data at 7 € [0,200] are used. (b), (c) Comparison of «®(w)
evaluated from different sets of diagrams and the phonon spectrum
B(w)for(b) g =0.45,wy = 0.4, 8 = 80and (c) g = 0.47, wy = 0.4,
B = 60. Positions of 2w, and wyy, are indicated.

hardening of wyy from 2w, in the SC is attributed to what we
can call the “electron-mediated phonon-phonon interactions”
[the shaded rectangle in Fig. 4(a)], while in the normal phase
this effect is weaker.

We can also confirm the effect of the phonon-phonon
(ph-ph) interaction mentioned above in another susceptibility.
Here, we focus on kR(t) = —if(t){([XX(t),Bp]) (response
of XX against the external pair field). This quantity can
be expressed in terms of Q(¢,#';¢”) defined in Eq. (D6) in
Appendix D. Now, we evaluate a subset of diagrams, Kph-tadder>
which corresponds to xph-adder in that the dynamics is described
by Eq. (11). The diagrammatic expression for «pp-jadder is Shown
inFig. 5(a). Here, one can note that the first diagram in «pp-jadder
corresponds to the second and third ones in Xph-tadder- In the
following, we denote the contribution from the first diagram
as Kph-lowest- In Figs. 5(b) and 5(c) we compare kR (w) from
the full dynamics in the self-consistent Migdal approximation,
Klﬁl_lowest(w), K[ﬁl—ladder(w)’ and the phonon spectrum B(w/2).
From the result one finds that Klﬁl-lowest(w) indeed exhibits a
peak at 2w,, which deviates from wy,. However, if one takes
account of the effect of the ph-ph interaction as in Kﬁ_ladder(a)),
there emerges a peak around wyyp.

The different effects of the ph-ph interaction in the SC and
normal states can be attributed to the difference in its behavior
in these phases. The expression for the ph-ph interaction on
the KB contour is

Lon(t1,02,13,14)
g A A A 2
== Z{tr[63G(t1,t2)63Gk(t2,t4)63G(t4,t3)63Gk(t3,t1)]
NS

+ tr[63G(11,12)63 G (12,1)83 G (13,14)53 G (14,111}
(12)
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(a) Normal state

(b) SC state

FIG. 6. Ié‘}’f(iv,,],1'1),,2,1'1),,3)/g4 for various values of v,, in the
normal state (a) and in the SC state (b) for g = 0.45, wy = 0.4,
B = 80. For the normal state, we suppress SC by hand.

In particular, the Matsubara components are

Ih(71,72,73)
g A A A
=N g{tr[@(}(ﬁ — 12)63Gk(12)63G(—13)63

xGi(t3 — 11)]
+ {636 (11 — 1)63Gk(r2 — 13)63G(13)63 G (— )]},
(13)
and

M . . .
Iph(lvnlvlvnzvlvng)
g .
5/ dridndrze’™ M e e B (T, 1, 13),  (14)
0

where v,, = 2n,7 /8. Now, in order to clarify the difference in
the ph-ph interaction in the normal and SC phases, we directly
evaluate I;‘{f(i Vn,»iVn,,iVy,). In Fig. 6, we show the results for
the normal and SC cases for g = 0.45, wg = 0.4, B = 80. In
order to obtain the result for the normal state, we suppress
SC by hand. First, we note that Ig}’f(ivnl,iv,,z,iv,,s) is real.
In the normal state, the ph-ph interaction strongly depends
on the Matsubara frequency and has a clear sign change.
On the other hand, the SC phase has a drastically different
behavior: In the frequency regime comparable to the SC gap,
the frequency dependence becomes much weaker and the
sign change almost disappears. This allows us to approximate
Ié\{f(ivnl,ivnz,ivM) by a constant in the SC state. From a
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comparison with diagrams that appear in the perturbation
expansion for a simple phonon model with an anharmonic
term, H}fgf = wpha]ta + I, X*, it turns out that an approximate
constant I;\ﬁ(i Vn, i Vn, i Vy,) corresponds to the case of I, > 0.
Since the anharmonic term makes the potential steeper, the
frequency of the coherent oscillations increases for I, > O.
This analysis is indeed consistent with our observation of the
hardening from 2w, to wyy in the SC phase. In the normal
state, it is expected that the cancellation from the sign change
in the frequency dependence reduces this effect.

C. Time-resolved photoemission spectroscopy

Although the dynamical pair susceptibility is not a direct
observable in experiments, here we discuss that these modes
can be observed in pump-probe spectroscopy measurements.
We focus on the dynamics of the spectral function observed in
time-resolved photoemission spectroscopy (tr-PES) [51],

APES(tprobeaw)
1 . ,
= —Im / dtdt's(t — tyrobe)S(t' — tprope)e’ ™" G=(t,1).
4

(15)

Here, fprobe is the center of the probe pulse and s(z) is its

envelope, for which we use a Gaussian with sufficiently large
. . _ 1 B 2 B

cutoff time ., i.e., s(t) = Tromm exp ( - )o(t. — |t]). We

2
ZJPIO

note that a previous study with equilibrium phonons has
pointed out the possibility of detecting the amplitude mode
in the time-resolved photoemission signal near the Fermi
level [20]. Here, we focus on a wider energy range and the
new amplitude mode. The pump is mimicked by a modulation
of the hopping,

2
v(r) = u+5vexp[— Och#“"’)} (16)
pump
where opump and fpump respectively denote the width and
the center of the pump pulse. This type of pump can be
effectively realized with a strong laser through an effective
band renormalization [43] or through light-induced lattice
distortions [21,52,53]. In the following, we choose fpump = 5.0,
opump = 1.0, and 7. = 25. In Figs. 7(a)-7(c), we plot the
difference between the spectra with and without a pump
normalized by the pump strength §v,

Ai’ES (tprobe ,®)

= lim APES(tprobmw;av) - APES(tprobe:w; 0)
- Sv—0 81)

. (1)

where we add the third argument for Apgs, which indicates
the strength of the pump. Clear oscillations are seen in a wide
energy range for w < 0. One can see that for smaller oprobe
the resolution for w decreases, while for fqpe it increases. The
Fourier transform along e,

lmax 7t£ .
Apps(oy,0) = / dt Appg(t,0)e' ™" (18)

I
reveals that the dominant oscillations are the wy and wy>
components [see Figs. 7(d)-7(f)]. These signals are visible in
a wide energy range for w < 0 as bundles at the corresponding
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5 () A’pgs(fprope @) for Oprope=0.51

o (b) A'pes(fprope:®) for oprope=m
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FIG. 7. (a)—(c) Apps(t,w) against ¢ and o for various values of opape for g = 0.45, wg = 0.4, B = 80. (d)—~(f) |Apgs(wr, )| against ¢ and w
for various values of opohe for g = 0.45, wy = 0.4, B = 80. The white vertical lines in (d)—(f) indicate wy and wy,. The condition for the pump

and probe is fpump = 5.0, Opump = 1.0, and . = 25.

energies, especially near the band edge (w >~ W/2) and the
gap edge (w =~ Agc).

Finally, we demonstrate that the oscillations in the tr-PES
spectra cannot be explained by single-particle excitations,
i.e., the contribution from the bubble diagram. In the linear-
response regime, we have to consider the following quantity
for the tr-PES spectrum,

Sc[Gi(t,1))]
Selv(t)]

v(t)=v
:fdtldtzék(tstl)f‘hop,k(tlst2;t”)Gk(tht/)~ (19)
c

Following the same procedure as for the pair susceptibility, we
obtain the expression for the vertex part as

. A Sel (1]
Phop i(t,/317) = Do (0,151 ) + ———2==| . (20)
op hop,k (SC[U([”)] .
Here, F(Op k(:1'51") = %638¢(t",1)8c(¢”,¢') and the second
term is the vertex correction. The result for the tr-PES spec-

Bubble contribution to 4’peg(#yrope:®) fOr Oprope=T
2 ‘ ‘ ‘ 0.04
0.03
0.02
0 1™ 001

o | g -0.01

-0.02

-0.03

-4 -0.04
0 50 100 150 200

tprobe

FIG. 8. Contribution of the bubble diagrams to Apgg(fprobe,@) at
g = 0.45, wy = 0.4, B = 80. The condition for the pump and probe
iS tyump = 3.0, opump = 1.0, #. = 25, and oprope = 7.

trum, Apgg(fprobe, @), evaluated with the bubble contribution
(without the vertex correction) is displayed in Fig. 8. While
during the pump it shows a similar behavior as the full
dynamics in Fig. 7, there is no oscillation after the pump. Hence
we again conclude that the oscillations in the photoemission
spectra do originate from collective excitations, and we predict
that they can be observed in pump-probe experiments in a wide
range of w.

IV. CONCLUSION

We have investigated the properties of collective amplitude
modes in strongly coupled SC in the Holstein model using the
nonequilibrium DMFT implemented with the self-consistent
Migdal approximation. The BCS relation between the SC gap
and the Higgs energy turns out to be robust beyond the BCS
regime. Besides the Higgs mode, we have unraveled another
amplitude mode involving the dynamics of the phonons. The
frequency of this mode, higher than twice the renormalized
phonon frequency in the superconducting phase, was shown to
reflect a strong electron-mediated phonon-phonon interaction.
We have also predicted that both collective modes should be
observable as oscillations of the PES spectrum in a wide energy
range after a strong laser pump. Even though the new mode
involving the dynamics of the SC order parameter and the
phonon dynamics has not yet been observed in real materials,
this information would be helpful for searching for such a
mode. We stress that the Holstein model is a fundamental
model describing the essential physics of electron-phonon
systems with a local coupling. In addition, our approximate
method, the nonequilibrium DMFT+self-consistent Migdal
approximation, is the nonequilibrium extension of the Migdal-
Eliashberg theory, which has been successful in describing
strongly coupled conventional SCs, in the limit of infinite
spatial dimensions. Hence we believe that the present study for
a fundamental model with a fundamental approximation may
stimulate further analyses for collective excitations beyond
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the BCS limit. An interesting future direction is to study these
collective modes in more realistic setups, such as multiband
systems [54-56], models with local and nonlocal Coulomb
interactions, and more general el-ph couplings. In order to deal
with these setups, further developments of impurity solvers
and/or extensions of the DMFT framework are required.
We also note that it has been recently pointed out that,
depending on the details of the pump excitation, there can be
significant contributions from quasiparticle excitations to the
third-harmonic generation with a strong THz excitation [57].
Therefore, systematic studies of how the contributions from
quasiparticle excitations and collective excitations depend on
the excitation protocols and observables will also be important
directions for future research.
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APPENDIX A: RENORMALIZED PHONONS

Here, we explain the dimensionless el-ph coupling for
renormalized phonons and the behavior of the phonon spec-
trum in SC. The dimensionless el-ph coupling is defined as

00 2
hegp = 2/ do* @ (A1)
0 w
a*F(w) = N(0)g*> B(w), (A2)

where N(0) is the density of states (DOS) at the
Fermi level, B(w) = —%Im DR(w), and we obtain Aeg =
N(0)g?DM(iv, = 0). Here, the superscript M indicates the
Matsubara component. So-called strong-coupling supercon-
ductors correspond to cases of A.g ~ 1. The A for the
parameters employed in the paper is show in Fig. 9. In all
cases, the temperature dependence is weak.

oo —— . g=0.47
1.5
g=0.45
=
o
<
; ——————— ¢+ =043
05
0 0.01 0.02 0.03 0.04 0.05

T

FIG. 9. The dimensionless el-ph coupling A.s against T for
various values of g.
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a) wy=0.4, g=0.45 b) my=0.4, g=0.47
60 (a) og g 120 (b) g g
— E=30 100 — g:SO
— p=50 — B=40
340 beo | 2® b2
K] — Pp=80 2 60 — B=60
20 40
20
0 0
0 0.2 ® 0.4 0 0.2 ® 0.4
2 (c) wy=0.4, g=0.45 2 (d) 0y=0.4, g=0.47
o= “E
= — P= ~ — B=
S p=60 § & 1 p=50
< — p=80 | = — P=60
0 0
3 -2 1 1 2 3 -3 2 1 1 2 3

FIG. 10. (a), (b) Phonon spectrum at various temperatures for (a)
wp = 0.4, g = 0.45 and (b) wy = 0.4, g = 0.47. Arrows indicate the
peak positions (@, ). (c), (d) Electron spectrum at various temperatures
for (c) wy = 0.4, g = 0.45 and (d) wy = 0.4, g = 0.47. In all cases,
the system is in the normal phase at 8 = 30, while it is in the SC
phase at other temperatures.

In Fig. 10, we show the detailed temperature dependence
of the phonon spectra for the cases corresponding to Fig. 3 as
well as the electron spectra for the whole energy range. For
both couplings, 8 = 30 is in the normal state, and the phonon
spectra exhibit an almost symmetric structure around a peak
at w,. In the SC phase, the SC gap develops as we decrease the
temperature. At the same time, there occurs a drastic change
of the phonon spectrum. In particular, the spectral weight in
the low-energy regime is strongly suppressed and a sharp peak
develops below the SC gap. The former is attributed to the fact
that the scattering of phonons with quasiparticles is suppressed
below the SC gap energy.

APPENDIX B: RESULTS FOR oy = 0.2

In Fig. 11, we show the result for wy = 0.2. The result
involves very similar features as for wy = 0.4 (see Fig. 2).
This fact indicates that the discussions in the main part are
applicable to lower phonon frequencies, where the Migdal ap-
proximation becomes quantitatively more reliable. However,
we note that systematic analyses for lower phonon frequencies

(a) ©y=0.2, g=0.32, B=120 (b) w=0.2, g=0.32, p=120

0.2 6
5 — 2A(072)
0.1
4 »H — B (@)/40
0 ‘_' ~ 3 9 /(DHQNV -Im XHO,pair(m)
-0.1 R 2 — -Imy palr((‘))
- XHO,pair(t)
0.2 — % pair®) T 25 oo
0
-0.3
0 50 100 1?0 200 250 300 O 0.2 ® 0.4

FIG. 11. (a) Dynamical pair susceptibility against ¢ evaluated
with the full dynamics in the self-consistent Migdal approximation
[Xpair(t)] and with the bubble diagrams [xo pair(t)] for wy = 0.2,
g =0.32, B =120 (ke = 1.65). (b) Comparison of the electron
spectrum A(w/2), the phonon spectrum B(w), —Im X(fpair(a)), and
—Im erfm(a)) for wy = 0.2, g = 0.32, B = 120. xpair(w) and o, pair(@)
are evaluated from the data at r € [0,300].
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than w = 0.4 are difficult. This is because all dynamics
involved becomes slower and hence numerical simulation
becomes more demanding.

APPENDIX C: IMPLEMENTATION OF THE PULSE FIELD

The Dyson equations involved in DMFT of the
Holstein model with the pair potential H(f) =
Fe (1) Zi (C:-L?CL + CWCM) are

D(t.,t') = Do(t,1") + [Do * I % DI(t,1"), ~ (CI)

10+ —Fex(?)
_Fex(t) iat - K

= [8c(1,1),

|:i8t+/¢

:|G(t,t/) —[(E 4+ A) % G1(@t,1)
(C2)

_Fex(t)
10, —

= [80(1,1).

—F. (1) :I.C;o(t,t/) —[A % Go)(2,1)

(C3)

Here, I is the identity matrix, and A(z,#’) is the hybridization
function, which is v28 G(t,t/)63 on the Bethe lattice. When we
take Fex(t) = dré(t), one finds from the above Dyson equations
that the effect of the external field leads to a jump in Goand G
around t = 0,

GRO*,0M) = —il, (C4)
G0, 7)y=MG' (0,7, (C5)
G=(0",0") = MG=",00)M', (C6)
where we have defined the matrix M,
N 1 _4

M= . =3 "{jg : (C7)

¢ g, 1-%

1+ 1 tar 4

The expressions for the discontinuity of the Weiss Green’s
functions are obtained by replacing G with Gy in
Egs. (C4)—(C6). On the other hand, the phonon Green’s
function (D) is continuous there.

APPENDIX D: DYNAMICAL PAIR SUSCEPTIBILITY

The dynamical pair susceptibility can be expressed by the
response of the Green’s functions to modulations of the pair
potential as in Eq. (5). Hence we want to calculate the quantity,

. 8c[G(t,t’
Aw(r.r's1") = % (D1)
Ll Fa0)=0
In the case of a free system, this quantity becomes
Aox(t.t';1") = Gox(t.1")61Gox(t" 1), (D2)

where the suffix 0 denotes bare propagators. For general
interacting cases, we introduce the vertex part ['k as

Ax(t,t'3t") = / dtdt Gy (t,1t)Dx(t1,1231")Gi(t2,1).  (D3)
C
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In the following, we assume that the self-energy is momentum
independent (DMFT approximation). From the Dyson equa-
tion for Gy, it then follows that

Ax(t,t';t")
= Aox(t,1';1")

+ /dt]dt2[\0,k(tatl;t//)ﬁ:(tlatz)ék(tZ,t/)
c

Sc[E(t.0)]

P — G ,t'
SelFon] | KD

+ /dtldtzéo,k(t,tl)
¢ =0

+ /dt]dt2é(),k(tatl)2(tlJZ)Ak(ILI/;tﬁ)- (D4)
c

From Egs. (D3) and (D4) and the Dyson equation, we obtain
the expression for the vertex part Eq. (6). One notices that the

vertex does not depend on k either.
For diagrammatic approximations we explicitly know the
expression for the self-energy, hence we can directly determine
Se[E(.1)]

the vertex correction SelFe1 | 7. —0

of a DMFT+-self-consistent Migdal approximation, the self-
energies for electrons (X) and phonons (IT) are expressed as
Eq. (3). From this we obtain

from it. In the present case

Se[E(t,1h]

) N A [
—————= =ig"D(t,t")A{,t';t")
SC[Fex(tN)]

+ig*Qu(t,1'; 163G (t,1)63, (D5)

where we have defined

Sc[D(z,1")]
SC [Fex (t”)]

_ f dtdt D)0t 1; ) D(tast)  (D6)
C

Qi1 =

: : A Togty — |1
and, as in the main text, A(z,t';t ):N kfcdtldtz

3Gk (t, 1) (11,1, 1")Gi(12,')F3. From the Dyson equation
for the phonon Green’s function Eq. (C1) and with the same
procedures as for Ay, we find

SelT(z,1)]

SclFex(t”)]

= —igX{u[A@, 1 t")G({ )]
+ 1[G, 1AW 11}

O@,t';t") =

D7)

Hence the final expression for the vertex function becomes
Eq. (7) in the main text. The derivation of Eq. (9) for the
unrenormalized Migdal approximation is similar but much
simpler.

094509-9



MURAKAMI, WERNER, TSUJI, AND AOKI

[1] P. W. Anderson, Phys. Rev. 112, 1900 (1958).
[2] A.F. Volkov and S. M. Kogan, Sov. Phys. JETP 38, 1018 (1974).
[3] L. Kulik, O. Entin-Wohlman, and R. Orbach, J. Low Temp. Phys.
43,591 (1981).
[4] R. Sooryakumar and M. V. Klein, Phys. Rev. Lett. 45, 660
(1980).
[5] P. B. Littlewood and C. M. Varma, Phys. Rev. Lett. 47, 811
(1981).
[6] P.B. Littlewood and C. M. Varma, Phys. Rev. B 26,4883 (1982).
[7] R. A. Barankov, L. S. Levitov, and B. Z. Spivak, Phys. Rev. Lett.
93, 160401 (2004).
[8] E. A. Yuzbashyan, O. Tsyplyatyev, and B. L. Altshuler, Phys.
Rev. Lett. 96, 097005 (2006).
[9] R. A. Barankov and L. S. Levitov, Phys. Rev. Lett. 96, 230403
(2006).
[10] E. A. Yuzbashyan and M. Dzero, Phys. Rev. Lett. 96, 230404
(2006).
[11] T. Papenkort, V. M. Axt, and T. Kuhn, Phys. Rev. B 76, 224522
(2007).
[12] T. Papenkort, T. Kuhn, and V. M. Axt, Phys. Rev. B 78, 132505
(2008).
[13] A. P. Schnyder, D. Manske, and A. Avella, Phys. Rev. B 84,
214513 (2011).
[14] B. Mansart et al., Proc. Natl. Acad. Sci. USA 110, 4539 (2013).
[15] R. Matsunaga, Y. I. Hamada, K. Makise, Y. Uzawa, H. Terai, Z.
Wang, and R. Shimano, Phys. Rev. Lett. 111, 057002 (2013).
[16] R. Matsunaga et al., Science 345, 1145 (2014).
[17] H. Krull, D. Manske, G. S. Uhrig, and A. P. Schnyder, Phys.
Rev. B 90, 014515 (2014).
[18] M.-A. Méasson, Y. Gallais, M. Cazayous, B. Clair, P. Rodiere,
L. Cario, and A. Sacuto, Phys. Rev. B 89, 060503(R) (2014).
[19] T. Cea and L. Benfatto, Phys. Rev. B 90, 224515 (2014).
[20] A. F. Kemper, M. A. Sentef, B. Moritz, J. K. Freericks, and
T. P. Devereaux, Phys. Rev. B 90, 075126 (2014).
[21] M. A. Sentef, A. F. Kemper, A. Georges, and C. Kollath,
arXiv:1505.07575.
[22] N. Tsuji and H. Aoki, Phys. Rev. B 92, 064508 (2015).
[23] T. Cea, C. Castellani, G. Seibold, and L. Benfatto, Phys. Rev.
Lett. 115, 157002 (2015).
[24] F. Peronaci, M. Schird, and M. Capone, Phys. Rev. Lett. 115,
257001 (2015).
[25] P. W. Higgs, Phys. Rev. Lett. 13, 508 (1964).
[26] P. W. Anderson, Phys. Rev. 130, 439 (1963).
[27] Y. Nambu, Physica D 15, 147 (1985).
[28] K. E. Kihlstrom, R. W. Simon, and S. A. Wolf, Phys. Rev. B 32,
1843 (1985).
[29] S. D. Brorson, A. Kazeroonian, J. S. Moodera, D. W. Face,
T. K. Cheng, E. P. Ippen, M. S. Dresselhaus, and G. Dresselhaus,
Phys. Rev. Lett. 64, 2172 (1990).

PHYSICAL REVIEW B 93, 094509 (2016)

[30] S. P. Chockalingam, M. Chand, J. Jesudasan, V. Tripathi, and P.
Raychaudhuri, Phys. Rev. B 77, 214503 (2008).

[31] M. Beck, M. Klammer, S. Lang, P. Leiderer, V. V. Kabanov,
G. N. Gol’tsman, and J. Demsar, Phys. Rev. Lett. 107, 177007
(2011).

[32] H. Aoki et al., Rev. Mod. Phys. 86, 779 (2014).

[33] P. Werner, T. Oka, and A. J. Millis, Phys. Rev. B 79, 035320
(2009).

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

[35] J. Bauer, J. E. Han, and O. Gunnarsson, Phys. Rev. B 84, 184531
(2011).

[36] J. K. Freericks, Phys. Rev. B 50, 403 (1994).

[37] D. Meyer, A. C. Hewson, and R. Bulla, Phys. Rev. Lett. 89,
196401 (2002).

[38] M. Capone and S. Ciuchi, Phys. Rev. Lett. 91, 186405 (2003).

[39] W.Koller, D. Meyer, and A. C. Hewson, Phys. Rev. B 70, 155103
(2004).

[40] J. Hague and N. d’Ambrumenil, J. Low Temp. Phys. 151, 1149
(2008).

[41] N. Sakkinen, Y. Peng, H. Appel, and R. van Leeuwen, J. Chem.
Phys. 143, 234102 (2015).

[42] M. Schiiler, J. Berakdar, and Y. Pavlyukh, Phys. Rev. B 93,
054303 (2016).

[43] N. Tsuji, T. Oka, P. Werner, and H. Aoki, Phys. Rev. Lett. 106,
236401 (2011).

[44] J. D. Axe and G. Shirane, Phys. Rev. Lett. 30, 214 (1973).

[45] S. M. Shapiro, G. Shirane, and J. D. Axe, Phys. Rev. B 12, 4899
(1975).

[46] H. Kawano, H. Yoshizawa, H. Takeya, and K. Kadowaki, Phys.
Rev. Lett. 77, 4628 (1996).

[47] C. Stassis, M. Bullock, J. Zarestky, P. Canfield, A. I. Goldman,
G. Shirane, and S. M. Shapiro, Phys. Rev. B 55, R8678(R)
(1997).

[48] F. Weber, A. Kreyssig, L. Pintschovius, R. Heid, W. Reichardt,
D. Reznik, O. Stockert, and K. Hradil, Phys. Rev. Lett. 101,
237002 (2008).

[49] P.B. Allen, V. N. Kostur, N. Takesue, and G. Shirane, Phys. Rev.
B 56, 5552 (1997).

[50] Y. Murakami, P. Werner, N. Tsuji, and H. Aoki (unpublished).

[51] J. K. Freericks, H. R. Krishnamurthy, and T. Pruschke, Phys.
Rev. Lett. 102, 136401 (2009).

[52] A. Subedi and L. Boeri, Phys. Rev. B 84, 020508 (2011).

[53] M. Forst et al., Nat. Phys. 7, 854 (2011).

[54] A. Akbari, A. P. Schnyder, D. Manske, and I. Eremin, Europhys.
Lett. 101, 17002 (2013).

[55] Y. Murotani, N. Tsuji, and H. Aoki, arXiv:1511.05762.

[56] H. Krull et al., arXiv:1512.08121.

[57] T. Cea, C. Castellani, and L. Benfatto, arXiv:1512.02544.

094509-10


http://dx.doi.org/10.1103/PhysRev.112.1900
http://dx.doi.org/10.1103/PhysRev.112.1900
http://dx.doi.org/10.1103/PhysRev.112.1900
http://dx.doi.org/10.1103/PhysRev.112.1900
http://dx.doi.org/10.1007/BF00115617
http://dx.doi.org/10.1007/BF00115617
http://dx.doi.org/10.1007/BF00115617
http://dx.doi.org/10.1007/BF00115617
http://dx.doi.org/10.1103/PhysRevLett.45.660
http://dx.doi.org/10.1103/PhysRevLett.45.660
http://dx.doi.org/10.1103/PhysRevLett.45.660
http://dx.doi.org/10.1103/PhysRevLett.45.660
http://dx.doi.org/10.1103/PhysRevLett.47.811
http://dx.doi.org/10.1103/PhysRevLett.47.811
http://dx.doi.org/10.1103/PhysRevLett.47.811
http://dx.doi.org/10.1103/PhysRevLett.47.811
http://dx.doi.org/10.1103/PhysRevB.26.4883
http://dx.doi.org/10.1103/PhysRevB.26.4883
http://dx.doi.org/10.1103/PhysRevB.26.4883
http://dx.doi.org/10.1103/PhysRevB.26.4883
http://dx.doi.org/10.1103/PhysRevLett.93.160401
http://dx.doi.org/10.1103/PhysRevLett.93.160401
http://dx.doi.org/10.1103/PhysRevLett.93.160401
http://dx.doi.org/10.1103/PhysRevLett.93.160401
http://dx.doi.org/10.1103/PhysRevLett.96.097005
http://dx.doi.org/10.1103/PhysRevLett.96.097005
http://dx.doi.org/10.1103/PhysRevLett.96.097005
http://dx.doi.org/10.1103/PhysRevLett.96.097005
http://dx.doi.org/10.1103/PhysRevLett.96.230403
http://dx.doi.org/10.1103/PhysRevLett.96.230403
http://dx.doi.org/10.1103/PhysRevLett.96.230403
http://dx.doi.org/10.1103/PhysRevLett.96.230403
http://dx.doi.org/10.1103/PhysRevLett.96.230404
http://dx.doi.org/10.1103/PhysRevLett.96.230404
http://dx.doi.org/10.1103/PhysRevLett.96.230404
http://dx.doi.org/10.1103/PhysRevLett.96.230404
http://dx.doi.org/10.1103/PhysRevB.76.224522
http://dx.doi.org/10.1103/PhysRevB.76.224522
http://dx.doi.org/10.1103/PhysRevB.76.224522
http://dx.doi.org/10.1103/PhysRevB.76.224522
http://dx.doi.org/10.1103/PhysRevB.78.132505
http://dx.doi.org/10.1103/PhysRevB.78.132505
http://dx.doi.org/10.1103/PhysRevB.78.132505
http://dx.doi.org/10.1103/PhysRevB.78.132505
http://dx.doi.org/10.1103/PhysRevB.84.214513
http://dx.doi.org/10.1103/PhysRevB.84.214513
http://dx.doi.org/10.1103/PhysRevB.84.214513
http://dx.doi.org/10.1103/PhysRevB.84.214513
http://dx.doi.org/10.1073/pnas.1218742110
http://dx.doi.org/10.1073/pnas.1218742110
http://dx.doi.org/10.1073/pnas.1218742110
http://dx.doi.org/10.1073/pnas.1218742110
http://dx.doi.org/10.1103/PhysRevLett.111.057002
http://dx.doi.org/10.1103/PhysRevLett.111.057002
http://dx.doi.org/10.1103/PhysRevLett.111.057002
http://dx.doi.org/10.1103/PhysRevLett.111.057002
http://dx.doi.org/10.1126/science.1254697
http://dx.doi.org/10.1126/science.1254697
http://dx.doi.org/10.1126/science.1254697
http://dx.doi.org/10.1126/science.1254697
http://dx.doi.org/10.1103/PhysRevB.90.014515
http://dx.doi.org/10.1103/PhysRevB.90.014515
http://dx.doi.org/10.1103/PhysRevB.90.014515
http://dx.doi.org/10.1103/PhysRevB.90.014515
http://dx.doi.org/10.1103/PhysRevB.89.060503
http://dx.doi.org/10.1103/PhysRevB.89.060503
http://dx.doi.org/10.1103/PhysRevB.89.060503
http://dx.doi.org/10.1103/PhysRevB.89.060503
http://dx.doi.org/10.1103/PhysRevB.90.224515
http://dx.doi.org/10.1103/PhysRevB.90.224515
http://dx.doi.org/10.1103/PhysRevB.90.224515
http://dx.doi.org/10.1103/PhysRevB.90.224515
http://dx.doi.org/10.1103/PhysRevB.90.075126
http://dx.doi.org/10.1103/PhysRevB.90.075126
http://dx.doi.org/10.1103/PhysRevB.90.075126
http://dx.doi.org/10.1103/PhysRevB.90.075126
http://arxiv.org/abs/arXiv:1505.07575
http://dx.doi.org/10.1103/PhysRevB.92.064508
http://dx.doi.org/10.1103/PhysRevB.92.064508
http://dx.doi.org/10.1103/PhysRevB.92.064508
http://dx.doi.org/10.1103/PhysRevB.92.064508
http://dx.doi.org/10.1103/PhysRevLett.115.157002
http://dx.doi.org/10.1103/PhysRevLett.115.157002
http://dx.doi.org/10.1103/PhysRevLett.115.157002
http://dx.doi.org/10.1103/PhysRevLett.115.157002
http://dx.doi.org/10.1103/PhysRevLett.115.257001
http://dx.doi.org/10.1103/PhysRevLett.115.257001
http://dx.doi.org/10.1103/PhysRevLett.115.257001
http://dx.doi.org/10.1103/PhysRevLett.115.257001
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRev.130.439
http://dx.doi.org/10.1103/PhysRev.130.439
http://dx.doi.org/10.1103/PhysRev.130.439
http://dx.doi.org/10.1103/PhysRev.130.439
http://dx.doi.org/10.1016/0167-2789(85)90157-5
http://dx.doi.org/10.1016/0167-2789(85)90157-5
http://dx.doi.org/10.1016/0167-2789(85)90157-5
http://dx.doi.org/10.1016/0167-2789(85)90157-5
http://dx.doi.org/10.1103/PhysRevB.32.1843
http://dx.doi.org/10.1103/PhysRevB.32.1843
http://dx.doi.org/10.1103/PhysRevB.32.1843
http://dx.doi.org/10.1103/PhysRevB.32.1843
http://dx.doi.org/10.1103/PhysRevLett.64.2172
http://dx.doi.org/10.1103/PhysRevLett.64.2172
http://dx.doi.org/10.1103/PhysRevLett.64.2172
http://dx.doi.org/10.1103/PhysRevLett.64.2172
http://dx.doi.org/10.1103/PhysRevB.77.214503
http://dx.doi.org/10.1103/PhysRevB.77.214503
http://dx.doi.org/10.1103/PhysRevB.77.214503
http://dx.doi.org/10.1103/PhysRevB.77.214503
http://dx.doi.org/10.1103/PhysRevLett.107.177007
http://dx.doi.org/10.1103/PhysRevLett.107.177007
http://dx.doi.org/10.1103/PhysRevLett.107.177007
http://dx.doi.org/10.1103/PhysRevLett.107.177007
http://dx.doi.org/10.1103/RevModPhys.86.779
http://dx.doi.org/10.1103/RevModPhys.86.779
http://dx.doi.org/10.1103/RevModPhys.86.779
http://dx.doi.org/10.1103/RevModPhys.86.779
http://dx.doi.org/10.1103/PhysRevB.79.035320
http://dx.doi.org/10.1103/PhysRevB.79.035320
http://dx.doi.org/10.1103/PhysRevB.79.035320
http://dx.doi.org/10.1103/PhysRevB.79.035320
http://dx.doi.org/10.1103/PhysRevB.91.045128
http://dx.doi.org/10.1103/PhysRevB.91.045128
http://dx.doi.org/10.1103/PhysRevB.91.045128
http://dx.doi.org/10.1103/PhysRevB.91.045128
http://dx.doi.org/10.1103/PhysRevB.84.184531
http://dx.doi.org/10.1103/PhysRevB.84.184531
http://dx.doi.org/10.1103/PhysRevB.84.184531
http://dx.doi.org/10.1103/PhysRevB.84.184531
http://dx.doi.org/10.1103/PhysRevB.50.403
http://dx.doi.org/10.1103/PhysRevB.50.403
http://dx.doi.org/10.1103/PhysRevB.50.403
http://dx.doi.org/10.1103/PhysRevB.50.403
http://dx.doi.org/10.1103/PhysRevLett.89.196401
http://dx.doi.org/10.1103/PhysRevLett.89.196401
http://dx.doi.org/10.1103/PhysRevLett.89.196401
http://dx.doi.org/10.1103/PhysRevLett.89.196401
http://dx.doi.org/10.1103/PhysRevLett.91.186405
http://dx.doi.org/10.1103/PhysRevLett.91.186405
http://dx.doi.org/10.1103/PhysRevLett.91.186405
http://dx.doi.org/10.1103/PhysRevLett.91.186405
http://dx.doi.org/10.1103/PhysRevB.70.155103
http://dx.doi.org/10.1103/PhysRevB.70.155103
http://dx.doi.org/10.1103/PhysRevB.70.155103
http://dx.doi.org/10.1103/PhysRevB.70.155103
http://dx.doi.org/10.1007/s10909-008-9800-z
http://dx.doi.org/10.1007/s10909-008-9800-z
http://dx.doi.org/10.1007/s10909-008-9800-z
http://dx.doi.org/10.1007/s10909-008-9800-z
http://dx.doi.org/10.1063/1.4936143
http://dx.doi.org/10.1063/1.4936143
http://dx.doi.org/10.1063/1.4936143
http://dx.doi.org/10.1063/1.4936143
http://dx.doi.org/10.1103/PhysRevB.93.054303
http://dx.doi.org/10.1103/PhysRevB.93.054303
http://dx.doi.org/10.1103/PhysRevB.93.054303
http://dx.doi.org/10.1103/PhysRevB.93.054303
http://dx.doi.org/10.1103/PhysRevLett.106.236401
http://dx.doi.org/10.1103/PhysRevLett.106.236401
http://dx.doi.org/10.1103/PhysRevLett.106.236401
http://dx.doi.org/10.1103/PhysRevLett.106.236401
http://dx.doi.org/10.1103/PhysRevLett.30.214
http://dx.doi.org/10.1103/PhysRevLett.30.214
http://dx.doi.org/10.1103/PhysRevLett.30.214
http://dx.doi.org/10.1103/PhysRevLett.30.214
http://dx.doi.org/10.1103/PhysRevB.12.4899
http://dx.doi.org/10.1103/PhysRevB.12.4899
http://dx.doi.org/10.1103/PhysRevB.12.4899
http://dx.doi.org/10.1103/PhysRevB.12.4899
http://dx.doi.org/10.1103/PhysRevLett.77.4628
http://dx.doi.org/10.1103/PhysRevLett.77.4628
http://dx.doi.org/10.1103/PhysRevLett.77.4628
http://dx.doi.org/10.1103/PhysRevLett.77.4628
http://dx.doi.org/10.1103/PhysRevB.55.R8678
http://dx.doi.org/10.1103/PhysRevB.55.R8678
http://dx.doi.org/10.1103/PhysRevB.55.R8678
http://dx.doi.org/10.1103/PhysRevB.55.R8678
http://dx.doi.org/10.1103/PhysRevLett.101.237002
http://dx.doi.org/10.1103/PhysRevLett.101.237002
http://dx.doi.org/10.1103/PhysRevLett.101.237002
http://dx.doi.org/10.1103/PhysRevLett.101.237002
http://dx.doi.org/10.1103/PhysRevB.56.5552
http://dx.doi.org/10.1103/PhysRevB.56.5552
http://dx.doi.org/10.1103/PhysRevB.56.5552
http://dx.doi.org/10.1103/PhysRevB.56.5552
http://dx.doi.org/10.1103/PhysRevLett.102.136401
http://dx.doi.org/10.1103/PhysRevLett.102.136401
http://dx.doi.org/10.1103/PhysRevLett.102.136401
http://dx.doi.org/10.1103/PhysRevLett.102.136401
http://dx.doi.org/10.1103/PhysRevB.84.020508
http://dx.doi.org/10.1103/PhysRevB.84.020508
http://dx.doi.org/10.1103/PhysRevB.84.020508
http://dx.doi.org/10.1103/PhysRevB.84.020508
http://dx.doi.org/10.1038/nphys2055
http://dx.doi.org/10.1038/nphys2055
http://dx.doi.org/10.1038/nphys2055
http://dx.doi.org/10.1038/nphys2055
http://dx.doi.org/10.1209/0295-5075/101/17002
http://dx.doi.org/10.1209/0295-5075/101/17002
http://dx.doi.org/10.1209/0295-5075/101/17002
http://dx.doi.org/10.1209/0295-5075/101/17002
http://arxiv.org/abs/arXiv:1511.05762
http://arxiv.org/abs/arXiv:1512.08121
http://arxiv.org/abs/arXiv:1512.02544



