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Distinctive superconducting behaviors between bulk and monolayer FeSe make it challenging to obtain a unified

picture of all FeSe-based superconductors. We investigate the ultrafast quasiparticle (QP) dynamics of an inter-

calated superconductor (Li1−xFex)OHFe1−ySe, which is a bulk crystal but shares a similar electronic structure

with single-layer FeSe on SrTiO3. We obtain the electron-phonon coupling (EPC) constant λA1g (0.22 ± 0.04),

which well bridges that of bulk FeSe crystal and single-layer FeSe on SrTiO3. Significantly, we find that such a

positive correlation between λA1g and superconducting Tc holds among all known FeSe-based superconductors,

even in line with reported FeAs-based superconductors. Our observation indicates possible universal role of EPC

in the superconductivity of all known categories of iron-based superconductors, which is a critical step towards

achieving a unified superconducting mechanism for all iron-based superconductors.

PACS: 78.47.J−, 78.47.jg, 71.38.−k, 74.70.−b DOI: 10.1088/0256-307X/37/9/097802

Most high-temperature superconductors exhibit
quasi-two-dimensional superconducting (SC) layers.
However, a unified physical picture of the FeSe-
based[1] and FeAs-based superconductors[2] remains
elusive thus far, regardless of the common layered
feature they share. The recent discoveries of single-
layer FeSe (on SrTiO3 or similar substrates) interface
superconductors[3] and (Li1−xFex)OHFe1−ySe inter-
calated superconductors[4] seemingly reinforced this
uncertainty. However, by examining these newly dis-
covered crucial types of superconductors, possible con-
nections among all categories of iron-based supercon-
ductors can be uncovered, leading towards a universal
picture of them all.

In this Letter, we investigate the electron-phonon
coupling (EPC) strength in these superconductors by
using ultrafast spectroscopy[5−12] to gain insights into
a unified understanding of iron-based superconduc-
tors. We probe the excited state QP dynamics of
a bulk crystal (Li0.84Fe0.16)OHFe0.98Se,[13] which al-
lows direct observation of the QP lifetimes, uncover-
ing the phenomena above the SC gap and across the
SC transition. Light pulses break the Cooper pairs
and generate excited-state nonequilibrium QPs, which

recombine with a lifetime determined mainly by the
EPC.[5,6] The stronger the EPC, the faster the en-
ergy transfer through EPC, and hence the shorter life-
time. We determine the EPC strength to be λA1g =
0.22 ± 0.04, which is larger than that of bulk FeSe
(λA1g = 0.16)[5] and smaller than that of single-layer
FeSe/SrTiO3 (λA1g = 0.48).[6]

(Li1−xFex)OHFe1−ySe crystals[4,13,14] consist of
staggered stack of Fe1−ySe and (Li1−xFex)OH layers,
whose structure is analogous to that of KxFe2Se2,[15]

but with the P4/nmm space group instead of the
I4/mmm space group. The electronic band structure
of (Li1−xFex)OHFe1−ySe is similar to that of single-
layer FeSe/SrTiO3

[16] and bulk RbxFe2−ySe2.[17] As a
result, (Li1−xFex)OHFe1−ySe forms a key bridge be-
tween bulk FeSe, AxFe2−ySe2 (A =K, Rb, Cs, Tl/K),
and single-layer FeSe/SrTiO3 superconductors. To
some extent, (Li1−xFex)OHFe1−ySe provides an ex-
cellent platform for gaining insights into the shared
SC origin of these materials.[13,16−18]

In this work, we demonstrate that the λA1g

value of (Li1−xFex)OHFe1−ySe bridges those of bulk
FeSe, Fe1.01Se0.2Te0.8, Fe1.05Se0.2Te0.8, KxFe2Se2 and
single-layer FeSe/SrTiO3. Significantly, by examin-
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ing this and the reported λA1g values measured us-
ing ultrafast spectroscopy for many FeSe-based and
FeAs-based superconductors, as well as those calcu-
lated in theory, we find a positive correlation between
the EPC strength λA1g and the SC transition temper-
ature Tc. Our results indicate the possible important
role of EPC in the superconductivity for all categories
of iron-based superconductors, thus contributing to a
unified understanding of the SC mechanism.

Experiments. Ultrafast laser pulses with a central
wavelength of 800 nm, 70 fs pulse width and 250 kHz
repetition rate are used to excite and probe the dy-
namics of QPs, as well as to generate and detect coher-
ent phonons, in a (Li0.84Fe0.16)OHFe0.98Se single crys-
tal, along with two other samples of Fe1.05Se0.2Te0.8

and Fe1.01Se0.2Te0.8. The time-resolved pump-probe
weak detection experimental setup is similar to that
of Ref. [6]. Moreover, a balanced detector is used to
further improve the signal-to-noise ratio. Our sample
is synthesized via a hydrothermal ion-exchange tech-
nique (with SC Tc = 40K), the details of which have
been described in Ref. [13]. The measured sample is
1.2 × 2mm2-sized, composing of micron-sized single-
crystal flakes, and is kept in a refrigerator to prevent
degradation before and after the experiments. Its sur-
face is not entirely optical flat, resulting in diffusive
reflections, which makes it challenging to collect the
reflected beam and further to obtain useful signals.
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Fig. 1. Ultrafast QP dynamics in
(Li0.84Fe0.16)OHFe0.98Se. (a) Normalized time-resolved
differential reflectivity ∆R/R at different temperatures
(offset for clarity). Spheres: scanning data below SC Tc;
open circles: scanning data above SC Tc; solid curves:
2-exponential fittings. (b) Schematic lattice structure
with P4/nmm symmetry. (c) Color map of ∆R/R as a
function of both the delay time and temperature. The
color change at 40K reveals a likely SC phase transition
(indicated by a white dashed line).

Ultrafast QP Dynamics Revealing the SC Prop-
erties. Figure 1(a) shows the differential reflectivity
∆R/R of our (Li0.84Fe0.16)OHFe0.98Se sample (data
are offset for clarity), with the schematic crystal struc-
ture illustrated in Fig. 1(b), where the pump flu-

ence is 21µJ/cm2 and probe fluence is 8.2µJ/cm2.
The ∆R/R is proportional to the density of the ex-
cited state QPs. We color-map the complete set of
data as a function of both temperature and time de-
lay in Fig. 1(c) (on the logarithmic scale for clarity).
The color change exhibits a phase transition at 40K,
which is similar to those SC transitions in mono-
layer FeSe superconductor[6] and many others.[10] The
phase transition temperature 40K is also consistent
with the reported SC Tc for (Li1−xFex)OHFe1−ySe by
other experimental methods.[4,13,14,18]

To further verify the SC transition, we quantita-
tively analyze the data in Fig. 1(c) using ∆R/R =
Afast exp(−t/τfast) + Aslow exp(−t/τslow) + y0, where
Afast (Aslow) and τfast (τslow) are the amplitude and
lifetime of the fast (slow) component, respectively.
The fast relaxation component mainly reflects the
EPC, and the slow component mainly reflects the
phonon-phonon scattering. The third term y0 is
a constant within the scanning range and slightly
varies with temperature. Indeed, it may be a com-
ponent with a lifetime much longer than the scanning
range,[5,19] which could be due to scatterings among
acoustic phonons. We mainly focus on the fast and
slow components.
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Fig. 2. Quantitative QP dynamic evidence of the SC
phase transition. [(a), (b)] Amplitude Afast and lifetime
τfast of the fast relaxation component and their tempera-
ture dependence. [(c), (d)] Amplitude Aslow and lifetime
τslow of the slow relaxation component and their temper-
ature dependence. Inset: thermal carrier density. Red
solid curves in (c) and (d) show the theoretical data fitting
based on the phenomenological Rothwarf–Taylor model.
Dashed curves in (a) and (b) are the visual guides. Red
vertical bars in (c) and (d) show the temperature region
where SC phase transition occurs.

We then investigate the temperature dependence
of the QP dynamics. Figure 2(a) shows that Afast be-
haves similarly to that of single-layer FeSe/SrTiO3.[6]

Figure 2(b) demonstrates that τfast is nearly a con-
stant for the whole temperature range. Figure 2(c) ex-
hibits that Aslow experiences a dramatic decrease near
39.5K, similar to those in monolayer FeSe/SrTiO3

[6]
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and other superconductors.[20] Figure 2(d) illustrates
that τslow forms a peak (i.e., enhanced QP lifetime)
at 39.5K, directly manifesting the well-known phonon
bottleneck effect.[6,21] The simultaneous observation of
the abrupt decrease in the amplitude [Fig. 2(c)] and
the lifetime maximum [Fig. 2(d)] at the same temper-
ature indicates an SC phase transition.[6,20] To fur-
ther verify this, we quantitatively analyze the tem-
perature dependence of Aslow and τslow (see the Sup-
plementary Material) by using the Rothwarf–Taylor
(RT) model[22] and its extended derivation.[23] The
curves based on this model for a superconductor are
plotted in Figs. 2(c) and 2(d) (red solid curves), re-
spectively, both revealing Tc = 39.7 ± 0.5K and the
SC gap ∆(0) = 14.3 ± 1.2meV. The density of ther-
mally excited QPs, nT , is also illustrated in the inset
of Fig. 2(c). We thus identify ∆(0)/kBTc to have a
value of 4.1, which is much larger than the BCS pre-
diction ∆(0)/kBTc = 1.76. Here the evidence and pa-
rameters of the SC transition are obtained by probing
the excited-state ultrafast dynamics, rather than by
measuring the equilibrium near-Fermi-surface proper-

ties. The results in Figs. 1 and 2 are obtained within
the weak detection regime. By weak detection, we
propose two different levels of criteria: (A) no ther-
mal effect and (B) no prominent destruction of the SC
component (see the Supplementary Material), which
are both fulfilled in obtaining Figs. 1 and 2.

Obtaining the EPC Strength λ or λA1g . By mea-
suring the QP ultrafast dynamics under relatively high
excitation laser fluence, the EPC constant λ can be
directly obtained.[24] In the Allen model, which can
be applied to both superconductors and most other
solids, the relaxation rate γT of the QPs is determined
jointly by the EPC constant λ and the electron tem-
perature Te in a relation

γT =
3~λ〈Ω2〉
πkBTe

[
1 − ~2〈Ω4〉

12〈Ω2〉k2
B
TeTL

+ · · ·
]
,

where λ〈Ω2〉 is the second moment of the Eliashberg
function, TL is the lattice temperature, and Ω is the
phonon frequency. We measure the electron tempera-
ture Te and the QP relaxation rate γT in our ultrafast
dynamics experiment.
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Fig. 3. High fluence ultrafast dynamics (based on which we obtain the value of λ) and coherent optical phonon. (a) Time-resolved
coherent optical phonon vibration at 7K, which is superimposed on the electronic relaxation. Inset: the fast Fourier transform result
showing a clear peak at 5.11 THz. The pump fluence is 2.2mJ/cm2. (b) Extracted phonon oscillations at several temperatures.
(c)–(e) Temperature dependence of the phonon amplitude, frequency, and lifetime. Dashed curves: visual guides. Solid curves:
anharmonic decay fitting results. Insets in (c)–(e): magnified views and the corresponding phonon decay rate Γ (i.e., 1/lifetime).

We employ the data shown in Fig. 3(a) to obtain
λ (or λA1g , see following paragraphs). Note that ob-
taining λ does not need weak detection condition or
low temperature environment, because EPC is a fun-
damental property of solids and does not rely on su-
perconductivity. In the Supplementary Material, we
demonstrate that λ is nearly a constant of both fluence

and temperature in high fluence regime.
To obtain Te, note that the high order terms in

the equation of γT are negligible only when TeTL is
relatively large. This condition is fulfilled in our high-
fluence excitation experiments, with the pump fluence
F = 2.2mJ/cm2 (and probe fluence 0.28mJ/cm2)
[Fig. 3(a)]. We calculate Te using the relation[5,25]
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Te =
〈√

T 2
L +

2(1 − R)F
κvls

e−z/ls

〉
,

where ls is the optical penetration depth, z is the
distance from the sample surface, and κv = κρn is
the electronic heat capacity coefficient for unit vol-
ume, with κ being the electronic heat capacity coeffi-
cient (Sommerfeld parameter) and ρn being the mole
density (see the Supplementary Material). By inter-
preting κ = 100mJ/(mol·K2) from Ref. [4] and taking
TL = 7K, we obtain Te = 548K. Because TL only af-
fects Te less than a few Kelvin (when TL is relatively
low), Te is close to a constant (see the Supplementary
Material).

The relaxation rate is defined as[24]

γT =
∣∣∣ 1
Te − TL

d(Te − TL)
dt

∣∣∣
t→0

.

It is known that (Te − TL) ∝ ∆R/R.[26] Furthermore,
at t → 0, the fast component dominates. Thus we
have

γT =
∣∣∣ 1
∆R

d(∆R)
dt

∣∣∣
t→0

≈ 1
τfast

.

Fitting the electronic dynamics (after subtracting the
overall dynamics of phonon oscillations) at TL = 7K
[Fig. 3(a)], after performing deconvolution, we obtain
τfast = 0.34 ± 0.05 ps (see the Supplementary Ma-
terial). Thus, γT = 1/τfast = 2.9 ± 0.5 ps−1. The
τfast is longer than the 0.23 ps lifetime of single-layer
FeSe/SrTiO3 system[6] and shorter than the 1.75 ps
lifetime of bulk FeSe.[5] Note that in the medium[27]

and high fluence[9] regime, τfast increases with fluence,
whereas the value of λ remains constant (see the Sup-
plementary Material). With the above observed val-

ues of Te and γT we derive λ〈Ω2〉 = 2.34 × 1026 Hz2

(i.e., 101meV2).
The phonon information is needed for obtaining

λ. We generate and detect coherent phonons[28−32]

in (Li0.84Fe0.16)OHFe0.98Se with identical high fluence
as shown by the data in Fig. 3(a). We extract the
coherent oscillation and perform Fourier transforma-
tion to obtain its frequency [Fig. 3(a) inset], which is
5.11THz (i.e., 21.2meV or 171 cm−1). We assign it
to be the A1g mode of the Se atoms, which corre-
sponds to layer breathing along the c-axis. The tem-
perature dependence of the coherent phonon is investi-
gated [Figs. 3(b)–3(e)], which exhibits a regular anhar-
monic phonon decay[28] [Fig. 3(e)]. Figures 3(c)–3(e)
show that there is no structural phase transition in the
temperature range of 100–180K. If we use the above
measured A1g phonon frequency, 21.2meV, we can ob-
tain a nominal EPC constant λA1g = 0.22 ± 0.04.

Distinguishing EPC Strength λ with λA1g . Note
that demonstrating the A1g phonon does not indicate
that the A1g mode phonon is exactly the pairing glue.
So far, there is no consensus on which phonon mode
contributes most to the EPC strength λ. In fact, nom-
inal values of λA1g in superconductors are frequently
reported, however, in the name of λ.[5,6,9,33,34] Here,
we clearly distinguish λA1g and λ, which clearly illus-
trates important basic facts that are otherwise mixed,
concealing important conclusions. We find that (A) by
distinguishing λA1g and λ, we are now able to compare
better the (many reported) experimental results with
theoretical calculations; (B) the values of λA1g are all
based on experimental facts, thus deserve considera-
tion and comparison; and (C) significantly, both λA1g

and λ exhibit positive correlations with Tc, but not
when λA1g and λ are mixed.

Table 1. Retrieval of λA1g from the theoretical values of λ.

Material Ωlog (cm−1) λ ΩA1g (cm−1) (Ωlog/ΩA1g )2 λA1g Tc(K)

FeSe 113[35] 0.17[35] 180[36] 0.394 0.067 8

NaFeAs 100[37] 0.27[37] 163[38] 0.376 0.1 9

FeSe0.5Te0.5 110[39] 0.3[39] 170 0.419 0.13 14.5

LaFe1.85AsO0.875F0.125 141[40] 0.35 201[41] 0.46 0.16[42] 26

CaFe1.85Co0.15As2 107[43] 0.36[43] 189[44] 0.321 0.115 16

LiFeAs 120[37] 0.29[37] 185[45] 0.42 0.12 18

KxFe2Se2 125[46] 0.34[46] 174[47] 0.516 0.175 30

Ba0.6K0.4Fe2As2 124[48] 0.47[48] 187[49] 0.44 0.207 38

The values of λA1g and λ can be related (converted
into each other) by the relation λA1g = λ(Ω2

log/Ω2
A1g

),
which we derive based on Refs. [24,50,51]. Here we de-
fine λ〈Ω2〉 ≡ λA1g〈Ω2

A1g
〉 = λA1gΩ

2
A1g

, where λA1g is
the nominal EPC strength corresponding to the A1g

mode phonon. Based on the Allen–Dynes treatment,
logarithmic phonon frequency Ωlog is taken to be the
overall average,[50] thus we write λ〈Ω2〉 = λ〈Ω2

log〉 =
λΩ2

log. Combining both of them, we retrieve the values

of λA1g by using λA1g = λ(Ω2
log/Ω2

A1g
). The detailed

values are summarized in Table 1.
Universal Role of EPC in Iron-Based Superconduc-

tors. The EPC has been speculated to play an active
role in certain individual types of iron-based high-Tc

superconductors, particularly such as the single-layer
system.[3,6,52] Here we contemplate on all categories of
iron-based superconductors. We plot the available Tc

versus λA1g for different optimally doped iron-based

097802-4

http://cpl.iphy.ac.cn


CHIN.PHYS. LETT. Vol. 37, No. 9 (2020) 097802 Express Letter

superconductors in Fig. 4 (for detailed values, see Ta-
ble 2).

To avoid systematic discrepancies due to dif-
ferent experimental methods, we mainly summa-
rize experimental λA1g values obtained by us-
ing time-resolved ultrafast optical spectroscopy (in-
cluding time-resolved angle-resolved photoemission
spectroscopy, red spheres and squares),[5,6,8,9,53]

as well as theoretical results (blue spheres and
squares).[35,37,39,42,43,46,48] Note that some of the data
are retrieved by the authors (see the Supplemen-
tary Material). Furthermore, we perform ultrafast
optical spectroscopy experiments on Fe1.05Se0.2Te0.8

(Tc = 10K) and Fe1.01Se0.2Te0.8 (Tc = 13.5K) single
crystals, and obtain the λA1g values to be 0.11 and
0.13, respectively (see the Supplementary Material).
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Fig. 4. Positive correlation between the EPC strength λA1g (λ) and SC Tc in iron-based superconductors. The
SC Tc positively correlates to the EPC strength λA1g (λ). Red spheres (squares): ultrafast spectroscopy results
of FeSe (FeAs)-based superconductors (three data from this work and Refs. [5,6,8,9,53]). Blue sphere (squares):
retrieved theoretical calculation results of FeSe (FeAs)-based superconductors.[35,37,39,42,43,46,48] Light gray spheres
(squares): theoretical results of λ for FeSe (FeAs)-based superconductors. Pink (orange) curve: ansatz modified
version of Allen–Dynes formula using λA1g (λ) and ΩA1g (Ωlog). White dashed arrows: indications of retrieving
λA1g from λ, or vise versa.

Table 2. The Tc and λA1g values of iron-based superconductors shown in Fig. 4.

Superconductors Tc (K) λA1g

Bulk FeSe 8[1] 0.07 (retrieved from Ref. [35])

Bulk FeSe 8[1] 0.14 (retrieved from Ref. [5])

NaFeAs 9[54] 0.1 (retrieved from Ref. [37])

Fe1.05Se0.2Te0.8 10 (this work) 0.11 ± 0.03 (this work)

Fe1.01Se0.2Te0.8 13.5 (this work) 0.13 ± 0.03 (this work)

FeSe0.5Te0.5 14.5[55] 0.13 (retrieved from Ref. [39])

LiFeAs 18[56] 0.12 (retrieved from Ref. [37])

CaFe1.85Co0.15As2 20[43] 0.115 (retrieved from Ref. [43])

BaFe1.85Co0.15As2 23[53] 0.125[53]

BaFe1.84Co0.16As2 24[9] 0.12[9]

BaFe1.85Co0.15As2 25[8] 0.16[8]

LaFe1.85AsO0.875F0.125 26[2] 0.16[42]

KxFe2Se2 30[15] 0.175 (retrieved from Ref. [46])

Ba0.6K0.4Fe2As2 38[48] 0.21 (retrieved from Ref. [48])

(Li0.84Fe0.16)OHFe0.98Se 39.7 ± 0.5 (this work) 0.22 ± 0.04 (this work)

1UC FeSe/SrTiO3 68(−5/+2)[6] 0.48[6]
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Significantly, all the λA1g data points are located
within a purple stripe region centered on a pink curve
in Fig. 4, indicating a positive correlation between Tc

and λA1g . The pink curve is a revised version of the
Allen–Dynes formula,[50] based on λA1g and ΩA1g (see
the Supplementary Material). Similarly, we also plot
available reported theoretical results of λ in Fig. 4
(marked by light gray squares or spheres), which are
located within a brown stripe region centered on an
orange curve (another revised version of the Allen–
Dynes formula, based on λ and Ωlog) (see the Sup-
plementary Material). Because λA1g and λ are explic-
itly distinguished here, and EPC is considered system-
atically for the whole family of iron-based supercon-
ductors, we are able to establish a hitherto unrecog-
nized correlation between Tc and λA1g (λ) for iron-
based superconductors, using all the theoretical and
experimental results available. We emphasize that
the positive correlation itself, rather than the details
of the fitting equations, is the most significant find-
ing. The modification of the Allen–Dynes formula
can be attributed to complex systematic discrepancies
among different experimental methods. For instance,
there may be a systematic discrepancy between exper-
imental results based on nonequilibrium excited-state
photo-carrier relaxation and those based on equilib-
rium ground-state electron tunneling.

Discussion. Remarkably, bulk, single-layer, and
intercalated iron-based superconductors all obey these
two correlations, and both FeSe- and FeAs-based
superconductors obey the same correlations as well
(Fig. 4). This observation strongly suggests that a
shared SC origin is ubiquitous in all categories of iron-
based superconductors, whereby the EPC plays a uni-
versal role. We speculate that such EPC may not be
a conventional type of EPC. Moreover, we do not rule
out other origins in making important contributions
to the SC mechanism (for instance, spin interactions
or charge modulations may affect the EPC through
modifying the electronic states or the phonons). Var-
ious types of excitations, interactions, modifications,
or perturbations may affect either the electron states,
or the phonons, or both of them. As a result, each
of them will lead to the modification of the EPC
strength. Therefore, they will also possibly modify
the SC properties, in an indirect way through the EPC
(for example, see the illustration in the Supplementary
Material). Hence, it is better to measure the EPC
(preferably also phonon properties) before excluding
phonons as the pairing glue.

We note that it is very unlikely what we measure
is not EPC but other e-boson coupling (or a sum of
them). (1) We did not use circular polarization pump
and probe geometries in our experiment, which are of-
ten needed for detecting fast magnetic or spin-related
dynamics. (2) The QP lifetimes due to phonons and

other glues must have distinct values, which can be po-
tentially distinguished in our time-resolved measure-
ments. We only observe one fast component, which
must be due to the EPC. (3) Furthermore, the fast
component exists even above the magnetic transition
temperature (mostly <160K), up to room tempera-
ture and without noticeable change in the value of λ.

In summary, we have investigated the QP dynam-
ics of (Li0.84Fe0.16)OHFe0.98Se using time-resolved ul-
trafast spectroscopy. Under weak detection condi-
tions, we identify the SC properties, obtaining the SC
Tc and ∆(0) values. In the high fluence regime, we
obtain the EPC strength λA1g . Significantly, we dis-
cover a positive correlation between Tc and the EPC
strength, either in the form of λA1g or λ, for all cat-
egories of iron-based superconductors. Our finding
demonstrates the likely crucial role of phonon in the
high temperature SC mechanism for iron-based super-
conductors. Our experimental results suggest the pos-
sible existence of a unified framework for understand-
ing iron-based superconductors, including the mono-
layer system. Our investigation is an important step
towards a unified superconducting mechanism for all
iron-based superconductors.
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