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We study THz-driven condensate dynamics in epitaxial thin films of MgB2, a prototype two-band
superconductor (SC) with weak interband coupling. The temperature and excitation density dependent
dynamics follow the behavior predicted by the phenomenological bottleneck model for the single-gap SC,
implying adiabatic coupling between the two condensates on the ps timescale. The amplitude of the
THz-driven suppression of condensate density reveals an unexpected decrease in pair-breaking efficiency
with increasing temperature—unlike in the case of optical excitation. The reduced pair-breaking efficiency
of narrow-band THz pulses, displaying minimum near ≈0.7 Tc, is attributed to THz-driven, long-lived,
nonthermal quasiparticle distribution, resulting in Eliashberg-type enhancement of superconductivity,
competing with pair breaking.
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Light-induced manipulation of symmetry-broken ground
states like superconductors, density waves, or magnetic
materials has been at the forefront of modern solid-state
physics research for over a decade. While excitation with
femtosecond optical pulses at photon energies much larger
than energies of gaps or relevant bosonic excitations
normally results in a light-induced suppression of the order
parameter, excitation of selected lattice vibrations, or
resonant electronic transitions may result in metastable
states that cannot be reached by quasithermal pathways.
Examples of such include modulation of optical gap in
CH3NH3PbI3 by THz driving of optical phonons [1],
possible light-induced superconductivity at temperatures
above the superconducting critical temperature [2–4],
switching to a hidden state in 1T-TaS2 [5], generation of
spin-density-wave order at high temperatures in BaFe2As2
[6], or inducing ferroelectricity in SrTiO3 [7].
While most of these approaches are based on non-

adiabatic effects, light-induced enhancement of supercon-
ductivity (SC) in conventional BCS superconductors was
first demonstrated in the 1960s [8–11]. The fascinating
enhancement of critical temperature, critical current, and
the superconducting gap was observed in clean type-I
superconductors under continuous illumination with
electromagnetic radiation at subgap frequencies [8,9].
While subgap excitation does not lead to condensate
depletion and thus conserves the number of quasiparticles

(QPs), it may result in a nonthermal QP distribution via
excitation of thermally excited QPs away from the gap
edge. As the low-lying QPs are much more effective in
inhibiting pairing correlations than high-energy QPs, the
nonthermal QP distribution results in the enhancement of
SC, as demonstrated by Eliashberg by solving the self-
consistent BCS gap equation under such nonequilibrium
[12–14]. Refinements of the Eliashberg model, considering
that the QP recombination rate is increasing with increasing
QP energy, suggested that even an overall reduction of QP
density can be realized [15,16].
As such effects rely on a nonthermal QP distribution,

experimental studies with continuous microwave illumina-
tion were largely limited to materials with large electron
mean free paths, and the resulting enhancements of the gap,
critical current, and critical temperature were of the order of
1% [10,11]. However, even in NbN, a prototype dirty-limit
SC, signatures of gap enhancement were observed on a
50 ps timescale, when photoexciting with narrow-band
THz pulses [17]. To investigate such transient phenomena
further, MgB2, a prototype two-band BCS superconductor
with the highest critical temperature (Tc ≈ 40 K) among
metallic phonon-mediated BCS superconductors (at ambi-
ent pressure) presents an interesting alternative. MgB2 is
characterized by two distinct types of electronic bands
crossing the Fermi energy, Ef, the quasi-two-dimensional
holelike σ bands, and the three-dimensional π bands
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[18,19]. As demonstrated by tunneling [20,21], photoemis-
sion [22], and Raman spectroscopy [23], the superconduct-
ing state is characterized by two distinct isotropic gaps with
Δπ ≈ 2 meV and Δσ ≈ 7 meV [20–24] in the π and σ
bands, respectively. The presence of a single Tc with two
well-distinguished gaps suggests a weak, yet not negligible,
interband coupling [18,19]. The low intraband scattering
rates [25,26] and the relatively large value of Δσ make
MgB2 an ideal test system to study SC enhancement effects
driven by narrow-band THz pulses.
In this Letter, we present systematic studies of con-

densate dynamics in clean epitaxial MgB2 thin films
[25,27], following excitation with narrow-band THz pulses,
with frequencies between 2Δπ=h and 2Δσ=h. By studying
the temperature (T) and absorbed energy density (A)
dependence of the THz-driven gap suppression and recov-
ery dynamics, and comparing the results with those
obtained by near-infrared (NIR) pumping at 1.55 eV, we
provide evidence of long-lived Eliashberg SC enhancement
effects in MgB2. These increase with increasing T, reflect-
ing an increase in the density of thermally excited QPs,
until reaching the temperature where also 2ΔσðTÞ drops
below the THz photon energy.
Time-resolved studies of the dynamics following exci-

tation with THz pulses were performed at the free elec-
tron laser (FEL) facility in Helmholtz-Zentrum Dresden-
Rossendorf, providing intense picosecond narrow-band
(bandwidth ΔνFEL ≈ 30 GHz) THz pulses with tunable fre-
quency νFEL at a repetition rate of 13 MHz [28,29]. We
investigated high-quality epitaxial (001) single-crystalline
MgB2 thin films grown on MgO (111) substrate by hybrid
physical-chemical vapor deposition [27]. Films, with thick-
nesses of 15 and 30 nm on 5 × 5 mm2 substrates were
characterized by x-ray diffraction and charge transport
measurements [25]. Experiments were carried out in a
single-color pump-probe configuration using νFEL ¼ 1.5,
2.1 and 2.7 THz, where 2Δπ < hνFEL < 2Δσ . For refer-
ence, we performed complementary studies of dynamics
driven by 50 fs NIR pulses. The high repetition rate of the
FEL results in continuous heating of the sample, which is
taken into account (all the quoted temperatures below take
continuous heating into account [29]). As critical temper-
atures of samples investigated in different beam times
varied between ≈32 K (15 nm film) and ≈36 K (30 nm
film) we present the T-dependent data as a function
of reduced temperature T=Tc. We focus on data with
νFEL ¼ 2.7 THz, providing the highest dynamic range
and signal-to-noise ratio.
Figure 1 presents selected traces of the induced sup-

pression and recovery of superconductivity, recorded at
different νFEL. As elaborated in the Supplemental Material
[29], these traces present the evolution of the effective
superconducting gap Δ as a function of time delay td.
More precisely, we plot ½δΔðtdÞ=ΔðTÞ�, where δΔðtdÞ≡
ΔðtdÞ − ΔðTÞ, and ΔðTÞ is the equilibrium value of the

effective gap at the sample temperature T. δΔðtdÞ is
extracted from the recorded dynamics of the film trans-
mission δTrðtdÞ and equilibrium TrðTÞ, assuming the so-
called T� model [36,37]. This model, applied to describe
the time evolution of the SC state in NbN [17], assumes
that in nonequilibrium QPs, the condensate(s) and the
high frequency (ℏω > 2Δ) bosonic excitations [in this case
high-frequency acoustic phonons (HFP)] are characterized
by an elevated effective temperature T�. The low energy
(ℏω < 2Δ) acoustic phonons thereby remain at the base
temperature.
The effective gap description, where ΔðtÞ ∝ ΔσðtÞ ∝

ΔπðtÞ, is supported by the long timescales of the dynamics
and the fact that the absorbed energy density required to
suppress SC, Asup, matches the total condensation energy
Ec of MgB2 [29]. Since Ec ¼ 1

2
Nπð0ÞΔ2

π þ 1
2
Nσð0ÞΔ2

σ

and the normal state densities of states in the π and σ
bands Nπ;σð0Þ are comparable [18,19], ≈90% of Ec stems
from pairing in the σ band. Thus, Asup ≈ Ec implies that the
two gaps Δπ , Δσ follow the same dynamics (beyond the
resolution limit of ≈20 ps) despite the fact that for
excitation with hνFEL < 2Δσ only pairs in the π band
can directly be broken. The underlying fast thermalization
between the two condensates likely proceeds through their
coupling via the Leggett mode [23,39].

FIG. 1. Evolution of the THz-driven suppression of the effec-
tive gap, normalized to the absorbed energy density
fδΔðtdÞ=½ΔðTÞ · A�g recorded at the cryostat temperature T ¼
4.2 K with (a) 1.5 THz, (b) 2.1 THz, and (c) 2.7 THz pulses. The
experimental data points are represented by solid symbols
(absorbed energy densities, A are in mJ=cm3) while dashed lines
represent the fits to the data using Eq. (1). The shaded regions
represent the cross-correlations of THz pulses. The normalized
gap suppression amplitudes are of the same order of magnitude
for all three νFEL. While the relative errors in calculated A for each
νFEL are negligible, the absolute values of A are correct within a
factor of 2 due to the large reflectivity of MgB2 and the FEL
mode quality. (d) Approximate T dependence of gaps 2Δπ and
2Δσ compared to hνFEL ¼ 2.7 THz (dashed horizontal line).
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Since excitation with hνFEL > 2Δπ does result in
Cooper pair breaking, with δΔ proportional to A, divi-
ding the relative gap suppression by A, and analyzing
½δΔðtdÞ=ΔðTÞA� (in % per ðmJ=cm3Þ), allows us to
emphasize the nonlinear behavior of the THz-driven gap
dynamics. Panels (a)–(c) of Fig. 1 show ½δΔðtdÞ=ΔðTÞA�,
recorded at T ¼ 4.2 K for different A and νFEL ¼ 1.5 THz
(a), 2.1 THz (b), and 2.7 THz (c). The induced reduction of
Δ is followed by the recovery of SC order on the timescale
between ≈50 ps and several 100 ps, depending on T and A.
We fit the traces using a model considering that pair
breaking and recovery are exponential processes [40]

δΔðtdÞ
ΔðTÞA ¼ Hðtd; τrec; σÞ ×

�
Ce−

td
τrec þ B

�
: ð1Þ

Here τrec is the SC state recovery time,C is the amplitude
of the normalized gap suppression, and B accounts for the
residual gap suppression at large time delays (bolometric
response). The rise time of the recorded transient σ is
accounted for by a Heaviside function convoluted with the
Gaussian with pulse-width σ, Hðtd; τrec; σÞ [40]. Here, σ
can be larger than the temporal resolution limit of

ffiffiffi
2

p
τFEL,

where τFEL is the duration of the THz pulse.
Several observations can be made by inspecting the

traces in Figs. 1(a)–1(c): (i) τrec is similar for different νFEL
and depends on T and A; (ii) the rise time σ depends on
νFEL, being nearly resolution limited at νFEL ¼ 1.5 THz
while increasing for νFEL ≥ 2.1 THz [29]; (iii) over a large
range of excitation densities (≈2 orders of magnitude)
the gap suppression amplitude displays a nonlinear
dependence on A.
τrec and σ display similar temperature and excitation den-

sity dependence as in the case of NIR excitation [29,41].
Further, their dependences follow the same trend as in a
single-gap BCS superconductor NbN [17], accounted for
by the phenomenological boson bottleneck model [11,42].
In this model the delayed suppression of the condensate
reflects the pair breaking by bosonic excitations, while its
recovery is governed by the decay of HFP population
[11,42]. In experiments with narrow-band THz excitation,
such a delayed pair breaking has not been resolved before
[43,44]. Since this process is clearly resolved only for
νFEL ≳ 2.1 THz (see Supplemental Material [29]), we
speculate the process originates from pair breaking by
HFP (ℏω > 2Δπ) that can be created at higher νFEL since
νFEL ≳ 2.1 THz≳ 4Δπ=h [29].
We focus on T and A dependence of the gap suppres-

sion amplitude ½δΔmax=ΔðTÞ� presented in Fig. 2. The
first observation is a weakly sublinear dependence of
½δΔmax=ΔðTÞ� on A over the entire T range. This is con-
sistent with the phonon bottleneck model [11,38,42,45].
Here, following the initial thermalization between con-
densate(s), QPs and HFPs to a common temperature T�,
part of the absorbed energy is transferred to the HFP
subsystem. At low T and A the fraction of energy in the

HFP subsystem is negligible [11,45]. However, this frac-
tion gradually increases with increasing T�, since ΔðT�Þ
reduces and—correspondingly—the specific heat of HFP
increases [46].
The second, more remarkable observation, is that

½δΔmax=ΔðTÞA� decreases with increasing T at constant
A, with pair-breaking efficiency displaying a pronounced
minimum near T=Tc ¼ 0.7. At face value, this result
implies that at T=Tc ≈ 0.7 the same absorbed energy
density results in nearly twice smaller number of broken
Cooper pairs as at the lowest temperatures.
The question arises if the observed decrease in pair-

breaking efficiency and its minimum near 0.7 Tc can be
accounted for by an increase in the fraction of energy
required to heat up HFPs to T�? To test this hypothesis, we
performed simulations of ½δΔmax=ΔðTÞ�ðT; AÞ using the
phenomenological bottleneck model, which is applicable
for weak to moderate excitation densities and for temper-
atures not too close to Tc [11,42,45]. Assuming a quasi-
equilibrium between the QPs and HFPs is reached, their
concentrations are determined by the detailed balance equa-
tion Rn2T� ¼ βNT� , where nT� and NT� are the QP and HFP
concentrations corresponding to a common T�. The micro-
scopic constants R and β are the bare QP recombination rate
and the pair-breaking rate by HFP absorption, respectively.
Assuming that densities of photoexcited QPs/HFPs are
substantially larger than their thermal densities, this boils
down to the energy conservation law A ¼ nT�ΔðTÞ þ
2ΔðTÞNT� ¼ nT�ΔðTÞ þ 2ΔðTÞn2T�ðR=βÞ, withΔðTÞ being
the effective gap.
To compare with experiments, we consider that δΔ

is proportional to the density of photoexcited QPs,
nPE ≈ nT� and use Δπ as a characteristic gap energy.
We further assume β−1 ≈ 30 ps (β−1 ≈ 15 ps for NIR

FIG. 2. (a) The amplitude of photoinduced gap suppression for
νFEL ¼ 2.7 THz as a function of T for several A (in mJ=cm3).
(b) All collected data presented in the contour plot versus A and
T. Starlike marks represent the data points, areas that could not be
accessed in the experiment are masked with gray. Note the
logarithmic vertical scales.
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excitation [41]), and vary R over a large range around R ≈
100 ðunit cell volumeÞ=ps extracted from NIR excitation
experiments [41]. The results of simulations are presented
in Fig. 3. While, similar to experimental results, ðnPE=AÞ
displays a weak sublinear dependence on A over the entire
T range, no decrease or minimum in nPE with increasing T
is observed. Instead, nPE smoothly increases with T over
the entire range of A for all values of R.
We performed complementary optical pump-THz probe

(OPTP) experiments, where MgB2 films were excited with
50 fs NIR pulses at 800 nm. As opposed to THz excitation,
NIR photons excite electrons from far below to far above
the Fermi energy. In this case, SC is suppressed dominantly
via pair breaking by HFPs created during the relaxation
of hot QPs [11]. As the hot carrier relaxation requires a
cascade of scattering events, the resulting QP distribution
should be much closer to thermal than in the case of
narrow-band THz excitation. The data obtained in the
OPTP experiment were processed using the same approach
as the data obtained with narrow-band THz excitation [29].
The extracted ½δΔmax=ΔðTÞ�ðA; TÞ for the case of NIR
excitation is shown in Fig. 4. Unlike in the case of THz
pumping (Fig. 2), NIR excitation results in a monotonic
increase of ½δΔmax=ΔðTÞA� with increasing T, much like
simulated (Fig. 3).
The comparison of gap dynamics in MgB2 driven by the

THz and NIR pulses, demonstrates a substantial reduction
in the pair-breaking efficiency with increasing T under
narrow-band THz excitation, with a pronounced minimum
near ≈0.7 Tc. The unexpected reduction in the pair-break-
ing efficiency with T suggests the existence of a process
that is competing with THz-driven pair breaking, becoming
stronger as T increases. This observation is consistent with
early studies of microwave enhancement of SC, attributed

to excitation of thermal QPs away from the gap edge. This
scenario also accounts for the observation of a minimum in
pair-breaking efficiency near ≈0.7 Tc. Namely, at low-T
where hνFEL < 2Δσ no direct pair breaking in the σ band is
possible. Near 0.75 Tc, hνFEL ≈ 2Δσ [Fig. 1(d)], opening
an additional pair-breaking channel and thereby increasing
the pair-breaking efficiency for hνFEL ≥ 2Δσ.
Our results suggest Eliashberg-type superconductivity

enhancement effects are competing with pair breaking in
THz-driven MgB2, implying a highly nonthermal QP dis-
tribution on the timescale of at least a few tens of pico-
seconds. The questions arise, which processes limit the QP
thermalization (in the strict sense of QPs reaching the
Fermi-Dirac distribution) and what is the difference
between optical and THz excitation? As opposed to THz
drive, optical excitation creates QPs with energies in the
eV range. On the fs timescale these hot QPs first relax via
e-e collisions. When QP energies are reduced down toffiffiffiffiffiffiffiffiffiffiffiffi
ΩDEf

p
,ΩD being the Debye energy, e-ph relaxation starts

to dominate [47], resulting in a high concentration of
phonons on the (sub-)ps timescale [47,48]. The cascade of
scattering events and the multitude of scattering channels,
including anharmonic decay of high energy optical pho-
nons [48], is the basis for nearly thermal QP distribution
following optical excitation. In the case of THz excitation,
thermalization of QPs with energies in the 10 meV range is
governed by the e-ph scattering, and can easily take as long
as 100 ps at low T [47,49]. Moreover, due to the coherence
factors, the e-ph scattering rate is substantially lower than
the QP recombination rate [50], the latter not leading to QP
thermalization.
In the early studies with continuous microwave irradi-

ation [8–11] the SC enhancement effects of the order
of 1% were observed. Here, using intense THz pulses, the

FIG. 3. Simulation of photoinduced gap suppression normal-
ized to A using the phenomenological phonon-bottleneck model.
The vertical scales are logarithmic. The value of QP recombi-
nation rate R [in ðunit cell volumeÞ=ps] is varied over 2 orders of
magnitude. Simulations reveal the weakly sublinear A depend-
ence, consistent with experiments. A decrease in pair-breaking
efficiency with T (at constant A, exhibiting a minimum near
ðT=TcÞ ≈ 0.7 as seen in Fig. 2 is, however, not reproduced.

FIG. 4. (a) The amplitude of gap suppression in case of
excitation with NIR pulses as a function of T at different A
(in mJ=cm3). (b) All data, normalized to A, presented in a contour
plot. The vertical scales are logarithmic. Starlike markers re-
present the data points; areas that are not accessible are masked
with gray.
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observed reduction in the pair-breaking efficiency is as high
as a factor of ≈2 at T ≈ 0.7 Tc. Based on the magnitude of
the effect, one may expect that in the absence of pair
breaking, i.e., for hνFEL < 2Δπ, a gap increase of up to a
factor of ≈2 could be realized at temperatures where the
density of thermally excited QPs becomes substantial.
To summarize, the systematic study of SC state dynam-

ics in the two-band BCS superconductor MgB2 reveals a
pronounced coupling between the π- and σ-band conden-
sates, where the two adiabatically follow each other on a
picosecond timescale. At low T, we demonstrate that the
pair-breaking dynamics depends on T, A, and hνFEL [29].
While we cannot exclude that the behavior is linked to the
coupling between the two condensates, the dependence on
hνFEL [29] suggests it is related to the delayed pair breaking
by phonons with ℏω > 2Δπ generated when hνFEL > 4Δπ .
Most importantly, tracking the excitation and T dependence
of the THz-driven gap reduction, we observe a dramatic
decrease in the pair-breaking efficiency with increasing T,
resulting in a pronounced minimum near 0.7 Tc. The lack
of such behavior under photoexcitation with NIR pulses
suggests that narrow-band THz excitation results in a
highly nonthermal QP distribution on the 100 ps timescale,
resulting in Eliashberg-type superconductivity enhance-
ment effects.
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