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Fig. 1. Landau criteria for superfluidity: (a) Energy-momentum dispersion relation of a non-interacting particle. When a particle
travels at a velocity v (corresponding to the gradient of the red solid line) with respect to its environment (e.g. container, lattice),
its excitation spectrum (black solid line) is Doppler-shifted (i.e. to the blue solid line): excitations with wavevectors parallel to v
are red-shifted while excitations with wavevectors anti-parallel to v are blue-shifted. When a state is red-shifted to 0 energy
(strictly speaking kT from 0), thermal fluctuations between the environment and the particle in consideration may cause the
particle to be spontaneously excited to that state. The particle no longer remains in its ground state, therefore the Bose-Einstein
condensation and the superfluidity will be destroyed along the way. (b) The van der Waals interaction between helium atoms
causes liquid helium to exhibit collective excitations. In the long-wavelength limit (@ — 0), these collective modes exhibit a linear
dispersion. As long as superfluid helium flows at a speed smaller than the gradient of such acoustic mode, phonons will not be spon-
taneously excited. The critical velocity of superfluid helium corresponds to the phase velocity of the roton excitations!.
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Fig. 2. Collective modes of a superconductor: (a) Below the superconducting transition temperature (7), the free energy of a super-
conductor exhibits a Mexican hat-like potential surface with respect to the superconducting order parameter = |¢)|e'? . In
thermal equilibrium, the continuous U(1) symmetry in the order parameter phase ¢ is spontaneously broken. The collective mo-
tion of the order parameter along the circumferential direction corresponds to fluctuations in the order parameter phase; the collec-
tive motion along the radial direction corresponds to fluctuations in the order parameter amplitude [i|. The energy of these two
modes are zero and non-zero respectively. They can be described as massless and massive quasiparticles. (b) Dispersions of the
phase mode and the amplitude mode of the superconducting order parameter®. Here, the massless phase mode (blue dotted line) be-
comes massive due to the Anderson mechanism. Its frequency is lifted to the superconducting plasma frequency (wp ). The massive

amplitude mode (red solid line) is gapped with an energy of 2A.
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Fig. 3. Raman scattering experiments on 2H-NbSe,: (a) In
the experiment by Sooryakumar and Klein'7, the supercon-
ductor collective mode (~20 cm™') and the charge-density-
wave collective mode (~40 cm!') exchange spectral weight
under the application of an external magnetic field that
suppresses superconductivity. (b) By varying temperature,
Meéasson et al. %) also observe an spectral weight transfer
between the superconductor collective mode and the charge-
density-wave collective mode. Around 6 K, the two modes
have approximately equal spectral weight.
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Fig. 4. Time-domain free oscillations of the Higgs model!l:
(a) Using single-cycle terahertz pump — single-cycle tera-
hertz probe technique, Matsunaga et al. 2! studied the ul-
trafast terahertz transmission of Nb; ,Ti N superconduct-
ing thin films. (b) After the superconducting ground state is
perturbed by the single-cycle pump pulse, the terahertz
transmissivity of the sample is probed and is found to ex-
hibit a free oscillation with a frequency f ~2A, with in-
creasing pump pulse energy density, the oscillation fre-
quency f decreases, accompanied also by an increase in the
damping constant b.
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Fig. 5. Higgs oscillations driven by multi-cycle terahertz
pulses®: (a) Matsunaga et al. 2 pump the NbN supercon-
ducting films using multi-cycle terahertz pulses filtered from
the single-cycle terahertz pulses (i.e. by using bandpass fil-
ters), and probe the transmissivity of the sample using an-
other single-cycle terahertz pulse. (b) The waveform of the
multi-cycle terahertz pulse and its modulus square. (¢) Un-
der the drive of the multi-cycle terahertz pulses, the tera-
hertz transmissivity of the sample exhibits characteristic
time-evolutions above and below 7. Above T, the tera-
hertz pump induces only thermal heating of the sample,
manifested as a monotonic time-evolution of the terahertz
transmissivity; below T, the terahertz pump induces a co-
herent oscillation of the superfluid at twice the driving fre-
quency, originating from the driven Higgs oscillation.
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P N5 () BRSPSt 2A (93 BE AR LA K A% K 2l 5
(w=0.3,0.5,0.7 THz) B9X} e ; (c) AR AY KB ZE 35 9K
BT = UM B2 AR BEARH, AT LA 20 2 2A(T) = 2w
FAFI, Higgs B Z 3R 5335 kA48, 8=
YR YR 5 B A T

Fig. 6. Terahertz third harmonic generation (THG) re-
sponse of NbN superconductors??: (a) Using multi-cycle
terahertz pulses to drive the NbN superconducting thin
film, Matsunaga et al. 2l observe a clear terahertz THG re-
sponse from the sample below T,. (b) The temperature-de-
pendent superconducting order parameter 2A compared to
twice the terahertz driving frequency (w = 0.3, 0.5,
0.7 THz). (¢) The temperature dependence of the THG in-
tensity under different terahertz driving frequencies. At
temperatures that satisfy 2A(7T) = 2w, the driven Higgs os-
cillation becomes resonant with the driving field, leading to

a divergence of the THG signal.
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Fig. 7. Precession of the Anderson pseudospin under a multi-cycle terahertz drive: (a), (c) In the BCS state, pairs of electrons at
(k4,—ky) and pairs of holes at (kq,—k}) are coherently superposed to form Cooper pairs. The occupancy of the pair of states at
(kq,—k,) can be used to define a pseudospin = 1/2 state (occupied state) and a pseudospin = ~1/2 state (empty state). Thus, the
BCS state can be expressed as a superposition of the two pseudospin states. When projected to the Bloch sphere defined by the two
states, the BCS state corresponds to Anderson pseudopsin pointing in the zy-plane. (b) In the normal metallic state, there is no co-
herence between the electrons at (k4+,—k}) and the holes at (kq, —k;) . Therefore, the Fermi surface represents a disrupt trans-
ition from the pseudospin = 1/2 state to the pseudospin = —1/2 state. (d) Under the periodic drive of a terahertz pulse, the Ander-
son pseudospin undergoes a precession, signifying collective fluctuations in the superconducting order parameter.

D% ch 5 co BRTARIES |a) BFE KT ;e (ey) FRAS (U BIRITT, g (g, ) FRAS () Sedhi. xdpix
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ST (& 8(e)), 152 IF A RBRZX — UGB I A SO0
AR X EFERE T, R mREE AL
Hh L ELLANEXT A SRR R AT = R I SE B E
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A O BT A 8(d), X Hitie E’Jit
25 = U P SO R A B AN (). 3235 T g
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X Bk v, BT R T EE?E’J?}'EQ St W R EAE AL (b) ARG T - T U (W FRVE AT (] 08 | paramagnetic scattering)
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Fig. 8. Microscopic mechanisms for Raman scattering in solids. (a) Non-resonant photon-electron scattering (also known as two-
photon scattering, intraband scattering, diamagnetic scattering) induces electron-hole density fluctuations. During the scattering,
the energy and momentum of the photon and the electron both change. (b) In the resonant photon-electron scattering process (also
known as interband scattering, paramagnetic scattering), a photon is absorbed by an electron and generates a current, which later
re-radiates out a photon. (¢) Microscopic process for non-resonant elastic (Rayleigh) scattering. (d) Microscopic process for reson-
ant elastic (Rayleigh) scattering. (e) Microscopic process for terahertz third harmonic generation (THG). (f) Microscopic process for
non-resonant Raman scattering/terahertz THG. (g) Microscopic process for non-resonant Raman scattering/terahertz THG in-
volving two different bosons. Here wavy lines represent photon propagators, solid lines represent electron propagators, red double

dotted lines and black double wavy lines represent boson propagators.
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Fig. 9. Terahertz THG response of cuprate high-temperature superconductors™: (a)—(c) Temperature dependence of the terahertz
THG intensity from optimally-doped La, ,Sr,Cu0O,, DyBa,Cuz0; ,, YBayCu3z0; , thin films. (d)—(f) Temperature dependence of the
terahertz THG phase from the three samples. Black dotted line denotes T,. Red solid line marks the temperature (7) at which the

THG phase shows an abrupt jump of —r, which coincides with the local minimum in the THG amplitude response in (a)—(c). These

features are well-described by the anti-resonance of a coupled oscillators model or the Fano resonance. Insets show the comparison

of two representative time-domain THG responses below and above 7.
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Fig. 10. Magnetic field dependence of the terahertz THG response of cuprate high-temperature superconductorsi®®l. (a) Illustration
for the coupling of the Higgs mode to another collective mode. Below (above) T the driven motions of the two oscillators are in-
phase (out-of-phase), consistent with the phase evolution of the Fano resonance between an underdamped mode and a continuous
background. (b) In typical spectroscopy manifestations, Fano resonance manifests as an asymmetric profile in the amplitude and
phase response of an oscillator as a function of the driving frequency (wgive) Or probing wavelength. In the terahertz THG experi-
ment, the resonance frequency (w,s) of the collective mode is varied by varying temperature while the driving frequency is kept
constant. In this case, the Fano resonance is manifested in the characteristic evolution of the amplitude and phase response of the
collective mode as function of wy or temperature. (c), (e) Temperature-dependent THG intensity from an optimally-doped and
overdoped Lay ,Sr,CuOy, thin film under different magnetic field strengths. (d), (f) Temperature-dependent THG phase of the two
samples under different magnetic field strengths. The magnetic field is applied along the c-axis of the sample. It is clear that the ¢

axis magnetic field suppresses the Fano resonance manifested in the THG response as a function of temperature.
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Fig. 11. Terahertz THG response of 2H-NbSe,"¥): (a) Time-domain terahertz THG response of the sample throughout the superconducting
and the charge-density-wave temperature range. Black arrow marks the interference between two distinct sources of THG. (b) Tempera-
ture dependence of the total terahertz THG intensity. Near 6 K, the destructive interference between the two sources of THG leads to a

suppression of the total THG intensity. This in turn leads to a local minimum in the temperature dependence of the total THG intensity.
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Fig. 12. Terahertz THG response of YBayCuz0;_,PY. (a) The moving-wavelet Fourier analysis of the terahertz transmission of an
optimally-doped sample (T, = 87.4 K) under 0.5 THz periodic drive at 85 K. The time-domain THG response exhibits two individu-
al wavelets separated in time. (b) The time-domain THG waveform. (c) Fourier analysis of the time-domain waveform shows two
distinct components at the THG frequency. (d) The onset temperature for the terahertz THG response (Tryq) in the YBayCuzO;
phase diagram. T* denotes the onset temperature for the pseudogap. Tk, denotes the onset temperature for time-reversal sym-
metry breaking as reported by optical Kerr measurements. T, denotes the onset temperature for superconducting fluctuations as

determined by c-axis infrared ellipsometry measurements.
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Fig. 13. Experimental approaches for investigating intertwined orders: equilibrium versus non-equilibrium. (a) For investigating the
relationship between intertwined orders (e.g. superconductivity and charge-density-wave), past studies have focused on their equilib-
rium manifestations. For example, by applying an external magnetic field or a strain field to suppress superconductivity, one may
study the resulting changes to the charge-density-wave correlation length or ordering temperature using X-ray diffraction. While
such an approach provides evidence for the coupling between the two orders and the type of such interactions (i.e. competing or co-
operative), it does not provide further microscopic information about the interaction mechanism. Such an equilibrium strategy can
be compared to displacing a coupled harmonic oscillator. Due to the presence of the coupling spring, the other oscillator is also dis-
placed. By observing the static displacements of the two oscillators, one may infer that they are coupled. However, no more details
about the coupling spring can be learnt using this approach. (b) When we dynamically drive one of the coupled oscillators, the en-
ergy and momentum transfer between the two oscillators depends sensitively on the coupling spring constant. Therefore, by study-
ing the dynamics of both oscillators, we may obtain precise knowledge about the coupling spring constant. In a similar spirit, by

studying the dynamics of the individual orders that are intertwined, we may obtain microscopic information about the energy-scale

and the mechanism.
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Fig. 14. 2D spectroscopy, for systems exhibiting many different degrees of freedom (DOFs), the coupling between these DOF's (in-
cluding their excitations) is often the key to understanding the physical properties or phase transitions of these systems. While con-
ventional linear spectroscopy techniques (e.g. absorption, reflection, Raman scattering) are good at capturing the excitations of dif-
ferent types of DOFs, evidencing or characterizing the interactions between different DOFs proves to be difficult with current tech-
niques. In this regard, 2D spectroscopy has demonstrated significant potential. 2D spectroscopy uses several broadband pulses to
study the dynamics of multiple DOFs. The first pulse induces multiple excitations: (middle panel) if the excitations derive from the
same ground state (i.e. the same DOF), or (right panel) if they derive from different DOFs but there is a coupling in-between, then
a coherence between these excitations will be established. After a variable time-delay T, the second and the third pulse interact with
the sample, inducing an evolution of the coherent state (e.g. rephasing or non-rephasing). Finally, the coherent state radiates and
the system falls back to the ground state. By sampling the radiation spectrum at each T, and Fourier transforming these results
with respect to T, one obtains a 2D spectrum as illustrated above. The peaks lying on the diagonal of the 2D spectrum represents
individual excitations. The peaks lying on the off-diagonal represents coherence between two excitations (they encode information
such as a common ground-state for the two excitations or a relaxation channel between the two excitations). Compared to tradi-
tional linear spectroscopy techniques, 2D spectroscopy provides more direct and detailed information about the interaction between
different DOFs!03.
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P Ji5b, RIS FANEAE K SR O TRR T B,
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AT LA SR | K R 1 845 JEEARE ot v | 23 0/
B, SCHUE T 5 AT T I RERR . ARBUT Z A
AR B, TE X et b, REPEME T
Higgs #2798 BA B 2803 S0 FRATrT LIS 4
AT A A3 HEOG R RE T R R A S R R
W B F ORI (kink) BEEHFRA IS H
HE A RS, R X TAERR= A
TR G TR SR m A ikl &
R AR R R BIS IR, R W 2B S 8
PR 2 SN [ S50 L B BRI 12 A AE.

BRULZ A8, SO R R oK (1) Higgs A5
KR HAET ) — B RS 2024 4, Du 550
BHIRRIE T HCKREE  BUZ NbSe, i+ Higgs 15
LRI LA KRGS I AS , #R58 T Higgs B~
FHIE 5 i iz ) PO 2 1) 7% 42J8 (anomalous
metal) AR FR . XIUI5EE R T 7E A5
11, Higgs iR Siz B AR W AH B AR 72 .
BRSPS Ak, A TR
I BF5E AT LA — 20 e 2 e M ssde b AR
U T A0 3 I 58 —miJE 1Y) (transition metal
dichalcogenide) TEE 758 ™= A= 1 AR 2% o) 5
% (Fulde-Ferrell-Larkin-Ovchinnikov, FFLO) %5
B IARES. LR R BT H i 32 2 H
iz HoR, RIEARADRI I, ARk — 03k
WO TE AR B JLHIE Higgs Bk 45 5,
h ERFE SRS (REASES FFLO & M
) BEBETT N oe s i M EHA.

RIG S —E 12, Higes AR WA RN
P A T SCECE T OFFE SR A4 UL
A I, R Higgs 5221 ARG R 2% e 1
VB R 72 B S FIHE, Tsoyama 55 69700 fF5E T4k
B S SRS BIAE 1.55 eV S A kb A
TR EEOE SR IE . ColladoF M X
TJRIHSREN T 18 AR B 2 AT, R
Hh xS R A SR B BE , B8 2E Rabi-Higgs 4%
AR B AFERUE , RAEIKSIREE i KR
FERCZ AR, A2 B TR L i [a] &
PRZE A [R) Y B A5 A1 72731 Fan 25 (M) %) 5 919K 3
e A AR ] S AR 25 ) A A adE A T TR,
TRk SEE T TR A B 5RG) / AR AR 4% 55 S
TR LA, FRA TR AT 5w 10 T Bl s | 45245
A, LM R A . T R E
17 (AR R R, AT LU, Higgs AR5 2= F 5% Jr

JA R AR A T TE, TCe e e X a2
TR I), HORE A BESR SR FE R SCASHT I S
ANBEHELL. AN B FATT H de st B - A 25
P, A3 Bh A AR A B P A 25 LM )
P EIAR, AEFRATCH DI X —)

B, VA R B RO B K IR U R #02,
2010 75 & FERE IR 2= FRAF Y BR2E 242400, 2017 44
3 [ T B T A B R A R ) B A A A, 2017 4
11 A—2021 4F 11 A D4 EREHMEH W K%, R
R AR O N LR AFSY. 2021 4F 12 HREAE
BN S PYNE S SR S B ST iRy N | 5 d e D D
FOCEAAAERTT, WM RHA R LIRS B I A KR
LWy, ZHEREER RL. 2018 AR TTFUR KF IR T — R 5
B TR Higgs 2h J1440 98, H TS E e E M S 4
FOLfT 2% BE U KV 5 Higgs v 2 R AH AR R,
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Abstract

As pointed out by Nambu-Goldstone theorem, the breaking of continuous symmetry gives rise to massless
or gapless bosonic excitations. In superconductors, continuous local U(1) gauge symmetry is broken. The gapless
excitation thus created is the collective phase mode of the superconducting order parameter. In 1962, Philip
Anderson pointed out that the Coulomb interaction between Cooper pairs lifts this gapless mode to the
superconducting plasma frequency. Therefore, in a superconducting fluid there are no bosonic excitations below
the binding energy of the Cooper pairs (24). Anderson’s mechanism also implies that the massless photon,
which mediates electromagnetic interaction, becomes massive in a superconductor. This mechanism provides a
microscopic theory for the dissipationless charge transport (in conjunction with Landau’s criterion for
superfluidity) as well as the Meissner effect inside a superconductor. Jumping into particle physics, in 1964 in
order to explain why the gauge bosons for electroweak interaction, namely the W4, Z bosons, are massive,
Peter Higgs, Frangois Englert, Tom Kibble and colleagues proposed the existence of a field (presently referred
to as the Higgs field) in nature. This matter field couples to the massless W4, Z bosons and generates mass via
the Higgs mechanism. Due to their conceptual similarities, these two mechanisms are collectively referred to as
the Anderson-Higgs mechanism nowadays. In 2013, the scalar excitation of the Higgs field, namely the Higgs
boson, was detected at the Large Hadron Collider, providing the final proof for the Higgs hypothesis nearly 50
years after its proposal. The amplitude mode of the superconducting order parameter, which corresponds to the
Higgs boson through the above analogy, is referred to as the Higgs mode of a superconductor. Its spectroscopic
detection has also remained elusive for nearly half a century. In recent years, the development of ultrafast and
nonlinear spectroscopic techniques enabled an effective approach for investigating the Higgs mode of
superconductors. In this paper, we will introduce the historical background of the Higgs mode and review the
recent developments in its spectroscopy study. We will also discuss the novel perspectives and insights that may
be learnt from these studies for future high-temperature superconductivity research.

Keywords: Higgs mode, superconducting fluctuations, nonlinear terahertz spectroscopy, ultrafast

spectroscopy
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