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Distinct terahertz nonlinear and Raman
responses in cuprate superconductors
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Nonlinear light-matter interaction at low energy, particularly in the terahertz (THz) frequency range,
hosts unique phenomena distinct from the optical excitation with photon energy of afew eV. In cuprate
superconductors Bi,Sr.CaCu,0g_ ,, the THz nonlinear response is identified via the optical reflectivity
change and interpreted as the amplitude mode of the superconducting condensate, namely the Higgs
mode [K. Katsumi et al., Phys. Rev. Lett. 120, 117001 (2018)]. However, the origin of the THz
nonlinearity has been questioned because the pair-breaking process, identified in Raman
spectroscopy, can also contribute to it. Here, we reexamined the THz-driven nonequilibrium dynamics
in cuprates Bi>Sr,CaCu,0Og, , by comparing it with the Raman susceptibility. In the optical reflectivity
change, we found an oscillatory behavior following the squared THz waveform (THz Kerr signal), as
well as the relaxation of the quasiparticle excitation. Careful insight into the data revealed that the
oscillatory and decaying contributions exhibit different doping dependence. Remarkably, the doping
and temperature evolutions of the THz Kerr signal are distinct from those of the Raman susceptibility,
which is described by the pair-breaking due to diamagnetic light—-matter interaction. These results
indicate the importance of the paramagnetic light—-matter coupling in the THz Kerr signal in the cuprate

superconductors, likely arising from the Higgs mode.

Light-matter interaction in quantum materials is one of the key aspects to
elucidate their properties. In particular, terahertz (THz) frequency range is
of great interest as it enables access to rich low-energy excitations in such
materials as a consequence of the complex interplay between charge, spin,
orbital, and lattice. For instance, in the case of the linear response in dirty-
limit BCS superconductors, the real part of the THz optical conductivity
shows a reduction in its spectral weight below twice the superconducting
(SC) gap 2A, which is transferred to the zero-frequency delta-function'.
Recent advances in generating an intense THz pulse give access to the
nonlinear light-matter interaction, which can provide information
unreachable by linear light-matter coupling™. In BCS superconductors,
THz nonlinear responses, investigated by pump-probe spectroscopy or
third-harmonic generation (THG), were initially ascribed to the amplitude
mode of the SC order parameter, referred to as the Higgs mode*™. This
illustrates the unique information obtained by the nonlinear optical spec-
troscopy, which cannot be accessed by the linear response’. Furthermore, it
opens a new avenue toward coherent light control of SC order parameters.
However, subsequent theoretical works showed that the THz nonlinear

response of a clean BCS superconductor, where only diamagnetic
light-matter coupling terms contribute, is actually governed by charge
density fluctuations (CDF). The CDF contribution leads to a pair-breaking
peak at twice the SC gap and is usually thought to be the dominant con-
tribution to the Raman response, whose BCS non-resonant diamagnetic
terms are essentially identical to the THz third-order nonlinear response’.
Later, the importance of the paramagnetic light-matter coupling terms in
boosting the Higgs contribution to the THz nonlinear response was pointed
out in the presence of finite disorder, indicating that the relative hierarchy of
the two contributions depends on the disorder level """, In the specific case
of a dirty-limit superconductor like NbN with a relatively high disorder
level, the nonlinear response was argued to be dominated by the Higgs
mode”. Yet, experimentally disentangling the diamagnetic and para-
magnetic contributions to the THz nonlinear signal is challenging as both
display the same resonant enhancement when the twice the THz pump
frequency matches 2A'".

More recently, THz two-dimensional coherent spectroscopy (THz
2DCS) was introduced to single out the nonlinear paramagnetic light-matter
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coupling of the Higgs mode in NbN'®. This also demonstrated that the
excitation process in THz nonlinear response can be essentially different from
that of the Raman response, which is performed in the optical frequency
range of a few eV and is usually assigned to the CDF contribution™".

Having gained a deeper understanding of the Higgs mode in con-
ventional superconductors, studies have been expanded to unconventional
superconductors. In the case of cuprate superconductors, the observation of
the Higgs mode can provide unique insight into their SC properties,
including the SC fluctuations™, the interplay between SC and competing
orders”, and the coupling of the SC order parameter to lattice or spin
excitations. However, the distinction between the Higgs mode and CDF is
less clear-cut in the case of cuprate superconductors, which are usually in the
clean limit and the diamagnetic terms are therefore expected to play a
leading role in the THz nonlinearity'*"”. Therefore, although the THz
nonlinearity in cuprates has been reported by several experiments and
interpreted as the Higgs mode™ ™, its origin is still under discussion'*">****".

To investigate the nature of the THz nonlinearity in cuprate super-
conductors, we revisited our THz pump-optical probe (TPOP) spectro-
scopy in cuprate superconductors Bi,Sr,CaCu,Og . (Bi2212), in ref. 22 by
comparing it with Raman experiments performed on the same single
crystals. In the SC state, we identified the relaxation of the quasiparticle (QP)
excitation (decaying signal), as well as the forced oscillation following the
squared THz waveform, i.e., the THz Kerr signal, where the refractive index
at the probing wavelength at 800 nm is modulated by the THz pump™.
Remarkably, the THz Kerr signal displays a markedly different doping
dependence from the Raman susceptibility.

We further compare the temperature dependence of the THz Kerr
signal with that of the extracted real part of the Raman susceptibility eval-
uated at the THz pump frequency of 0.7 THz. The extracted Raman sus-
ceptibility does not exhibit an increase below the SC transition temperature
T,, in stark contrast to that of the THz Kerr signal, which displays a sharp
increase below T.. These findings lead us to conclude that the THz Kerr and
Raman responses in the SC state arise from different light-matter coupling
terms: the Raman response is dominated by the CDF contribution from the
diamagnetic terms, while the THz Kerr response arises from a different
origin.

Results

THz-Kerr signals

A schematic of TPOP spectroscopy is illustrated in Fig. 1a. We measured the
THz pump-induced transient reflectivity change at 800 nm (1.55eV in
photon energy), varying the delay time between the pump and the probe
pulses (t,p). In Fig. 1b, we present the waveform of the THz pulse (left) and
its power spectrum (right), centered at 0.7 THz. The polarization of the THz
electric field is along the Cu-O bond of the sample, and that of the probe is

parallel or perpendicular to the pump. In the case of Bi2212, whose sym-
metry belongs to the Dy, point group, we obtain the polarization-
independent A;, component of the reflectivity change AR/R by adding AR/R
for the probe parallel or perpendicular to the pump®. Similarly, the B,
component is obtained by subtracting AR/R for the probe perpendicular to
the pump from that for the probe parallel to the pump. We performed
TPOP experiments on the Bi2212 families as summarized in Table 1.

Figure 1c presents the A, and Byg parts of the THz pump-induced
reflectivity change AR/R for the selected Bi2212 samples in the SC state at
10 K, adapted from ref. 22. In all the Bi2212 samples, both A;,and B, parts
of AR/R display an oscillatory behavior following the two peaks in the THz-
pump time trace indicated by the black vertical dashed lines. As reported in
ref. 22, the intensity of the oscillatory signal follows the squared THz electric
field (E-field), and the third-order nonlinear process is called the THz Kerr
signal®. One can also find the relaxation of the QP excitation in AR/R,
namely the decaying signal. To decompose the contributions of the THz
Kerr and decaying signals, we fit AR/R with the following model™:

(0 = A [ W Byt~ — 1P exp(— L)
+AD eXP<— t;_;(’> [1 — erf (— L“;\;%Zd:l;'rb)] (1)
+Ao [1 — erf (——ﬁ“*t"ﬁo)]

o

The first, second, and third terms denote the THz Kerr, decaying, and long-
lived offset components, respectively (see ref. 22 for details). We note that
the first term should be frequency-independent in our off-resonant
excitation condition, for which the response is expected to be nearly
instantaneous. For this term, we found a small but finite response time,
indicating a finite damping rate of the nonlinear response. As a
consequence, the B, ¢ components in Fig. lc-e, which exhibit only the
nearly instantaneous response, do not exactly follow the squared waveform
of the THz pump ETHZ(tPP)Z. To precisely reproduce this delayed response,
we convoluted the first term in Eq. (1) with an exponential function™. Figure
2a and b show the fitting results for the A;gand B;, components in OP90 at
10 K. For the B;; component, we set Ap = Ap = 0 because it does not show
any decaying signals. The fit for the B;; component yields a response time 7
of 200 fs, which was used for the A;, one. We plot the amplitudes of the
fitting parameters as a function of the hole concentration p for the A}, and
B, components in Fig. 2c and d, respectively. For the A;, part, the decaying
signal (the orange circles) decreases toward the overdoped regime and
switches its sign from positive to negative around p = 0.19. By contrast, the
THz Kerr signal (the red circles) also displays a reduction toward
overdoping, but does not change its sign. For the By, part (the blue circles),
THz Kerr signal shows an increasing trend toward overdoping.
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To understand the different doping dependence of the three contribu-
tions, we express the reflectivity change in terms of the dielectric function as

oR oR
AR(wprobe) = a_ Asl (a)probe) + g Asz(wprobe)' (2)
2

€

Here, ¢, and ¢, are the real and imaginary parts of the dielectric function in
equilibrium at the probing angular frequency wp,obe and Ae; and Ae; are the
real and imaginary parts of the pump-induced changes in dielectric
function. The pump-induced change in the complex dielectric function Ae
can be decomposed into the THz Kerr and the QP contributions as
Ae=Ae“" + Ae?. As discussed below, only the real part of Ae matters in
both contributions. Importantly, the coefficient dR/0¢; at 1.55 eV is positive
and does not depend on doping and temperature (see the “Methods”
section). In the following, we carefully examine A&“™", which was not
discussed in ref. 22. In the “Methods” section, we also discuss Ae¥ to
confirm the consistency of our analysis with previous optical pump-probe
experiments.

When the pump-photon energy is much smaller than the SC gap
energy, the imaginary part of A" is negligible compared to the real part™.
In this case, we can again focus on the real part of the dielectric function
A&, which can be written as™

A“”1Kerr(wprobe) = SOX(S)ETHz(wpump)Z‘ (3)
Here, ¢ is the vacuum permittivity, X(ls) is the real part of the third-order
nonlinear susceptibility, which can be decomposed into the A;g and By,

Table 1 | The SC transition temperature T, and hole
concentration p of the Bi2212 samples

components, and Ery,(@pump) is the THz E-field at the angular frequency
Wpump- One can see that Ae[*™ is positive as long as x\? > 0. Since 9R/9g, > 0
at Wprope = 1.55 €V, the signs of the A;;and B;; components of AR from the
THz Kerr signals are positive, consistent with the experimental results for
the entire doping range of Bi2212 studied.

The distinct doping evolutions of the A;, and B, THz Kerr signals
indicate that their origins are likely different. The THz nonlinear response in
cuprate has been studied in theoretical works, showing that in the case of the
clean-limit case relevant to cuprate superconductors, the THz nonlinear
response is dominated by the diamagnetic light-matter interaction and thus
the CDF contribution'*". This contribution is the one leading to the well-
known pair-breaking peak observed in Raman measurements”. If this is the
case, one would reasonably expect that the THz Kerr signal displayed the
same doping trend as that of the Raman susceptibility. Indeed, the doping
evolution of the B, THz Kerr signal seems to agree with that of the B,
Raman susceptibility and exhibits an increase toward the overdoped
regime”. On the contrary, the A;;, THz Kerr signal displays completely
opposite doping dependence: it increases when reducing the doping,
whereas the A, channel Raman susceptibility is reduced in underdoped
samples™"'. The reduction in the B;; and A;, Raman intensity toward
underdoping was attributed to the loss of density of states at the anti-nodal
region, likely related to the pseudogap opening™***. We note that contrary
to the By, channel which is firmly ascribed to the CDF contribution, the
exact origin of the A;, channel Raman signal is still controversial”*****",
Therefore, it appears difficult to conclude on the origin of the THz Kerr
signal in Bi2212 based on its doping evolution alone.

Temperature evolution of the THz Kerr signal and Raman
spectroscopy

Having seen the distinct doping evolution of the A;, THz Kerr signal and the
Raman susceptibility, we further compare their temperature dependence
across T. The temperature dependence of the THz Kerr signal for OP90 and

e oo — op op b op OD82 samples is presented in Fig. 2e and f. It displays a steep increase below
T.®) 62 Lo % 8 e 52 T,, indicating its relevance to the SC state. Now turning to the Raman
p 01 0.115 0.16 0.19 0.22 0.24 response, Figure 3a and b display the imaginary part of the B;; Raman
UD, OP, and OD denote underdoped, optimally doped, and overdoped, respectively. susceptibility y»(w) for OP90 and OD82 samples adopted from refs. 30,33.
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Fig. 2 | Doping and temperature evolution of the nonlinear THz responses. a and
b Fitting for the THz pump-induced reflectivity change of the OP90 sample at 10 K
using Eq. (1) forathe A;,and b Byzcomponents. In a, the black dashed curve denotes
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three terms in Eq. (1). ¢ and d The amplitude of the THz Kerr and decaying com-
ponents as a function of the hole concentration p for c the A;,and d B;; components.
e and f Temperature dependence of the A, and By, THz Kerr signals for e OP90
and f OD82.

npj Quantum Materials| (2025)10:91


www.nature.com/npjquantmats

https://doi.org/10.1038/s41535-025-00807-x

Article

Fig. 3| Raman susceptibility in Bi2212.aand b The
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The By, Raman susceptibility is well described by the CDF contribution
from a d-wave gap within the effective mass approximation'’. This
approximation is valid in the case of non-resonant Raman scattering, which
is confirmed in the case of Bi2212 from the absence of incoming laser
wavelength dependence of the Raman spectra in the SC state. In the
following, we focus on the B;, Raman susceptibility as a representative of the
CDF response of the cuprates. We note the recent non-equilibrium anti-
Stokes Raman measurement claiming the presence of the Higgs mode. The
finite Higgs Raman intensity was presumed to arise due to a strongly
enhanced out-of-equilibrium population of the Higgs mode*". This does not
apply to the equilibrium Raman measurements discussed here. As discussed
in the previous section, the THz Kerr signal in the TPOP experiments is
approximated as the real part of the third-order nonlinear susceptibility X(ls) .
On the other hand, in standard Raman experiments, the imaginary part of
the Raman susceptibility y»(w) is measured, which is shown in Fig. 3a and b.
To evaluate its real counterpart x;(w), we perform the Kramers—Kronig
transformation to y,(w) as

1 (w) = / do’
0

where w, is a cut-off frequency. Figure 3¢ and d present the temperature
dependence of the real part of the B, Raman susceptibility at the pump
frequency y(w) at @ = Wpymp for the OP90 and OD82 samples. For both
samples, the real part of the Raman susceptibility x; at @ = Wpymp is always
greater than the imaginary part y,. We note that x; is underestimated as we
set a finite cut-off w. in Eq. (4), reinforcing our assumption that y, is
negligible compared to y;. Furthermore, the Raman susceptibility is
essentially constant across T, whereas the THz Kerr signals in Fig. 2e and
f display an increase below T.. The distinct temperature dependence of the
THz Kerr signal and Raman susceptibility further reinforces the idea that
their origins are different. It is important to stress that the temperature-
independent y;(wpump) is fully consistent with the CDF interpretation of the
Raman response. For electrons with a finite lifetime, it is known that the static

susceptibility extracted in the dynamical limit y Y™™ = lim x(q = 0, @), as

w/Xz(w/)
w/Z — w? ’

4)

is done when using Eq. (4) and setting w=0, is the same as the
static lm})X(q’ = 0)*. The latter
q—)

thermodynamical static susceptibility g

quantity is essentially constant across T and proportional to the density of
states at the Fermi level weighted by the Raman vertex*. The above argument
based on static quantities is valid in our case because the THz-pump photon
energy of 2.8 meV is much lower than the anti-nodal SC gap energy of
65meV in the optimally doped Bi2212 sample’™>**. Note that the
equivalence between the static and the dynamical limits no longer holds for
electrons with an infinite lifetime”. In that case, the uniform (q=0)
diamagnetic CDF Raman and THz nonlinear responses are zero at low
energy in the normal state because of the momentum conservation on the
creation of intraband electron-hole pairs with zero momenta'. This explains
why the previous calculations performed without any lifetime effects found
an onset of the CDF contribution below T,

The comparison of the TPOP and Raman results unambiguously
demonstrates that the THz Kerr signal in TPOP is distinct from the dia-
magnetic CDF contribution. This is consistent with the polarization
dependence of the diamagnetic CDF contribution theoretically evaluated
for the THz Kerr response in ref. 22. There, the theoretical ratio of the
anisotropic term over the isotropic one is 10, while the ratio in the experi-
ments is always <1.

Discussion

In light of the previous observations, we now discuss the origin of the THz
Kerr signal. The possible relevant contributions for the A;, THz Kerr
response are the Higgs mode and the CDF. In cuprates, the Higgs and CDF
contributions to THz THG signal were examined assuming that the pump
frequency Q is set to zero". There, the paramagnetic CDF response was
found to consist of an A, isotropic contribution with a significant polar-
ization dependence due to a B, component. As a result, the sum of the
diamagnetic and paramagnetic CDF contributions was shown to reproduce
the isotropic response observed in the experiments because their respective
polarization dependencies cancel.

On the other hand, the comparison with the Raman measurements,
which display completely different temperature and doping dependence as
indicated in the previous section, suggests that diamagnetic CDF does not
contribute significantly to the THz Kerr signal. Thus, we are led to conclude
that the CDF contribution to the THz Kerr signal should arise dominantly
from the paramagnetic terms and therefore should show a prominent
polarization dependence. In the THz Kerr experiments, the anisotropic B,
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THz Kerr signal over isotropic A, one is at most 0.1 in the underdoped
samples. Therefore, the nearly isotropic character of the THz Kerr response
observed in the underdoped region cannot be easily ascribed to the para-
magnetic CDF. Accordingly, the A;, THz Kerr response is more likely
attributed to the paramagnetic Higgs-mode contribution, at least in the
underdoped side of the Bi2212 samples. We note that the above argument is
based on the THz THG calculations performed in ref. 15. The THz Kerr
response is distinct from the THG one because the probing photon energy is
different. It has been argued that for the THz Kerr effect, the paramagnetic
term can be less efficient'”. Further theoretical work is needed to clarify to
what extent THz THG and THz Kerr differ.

Finally, we discuss the possible scenarios for the sub-dominant B;, THz
Kerr signal. From the discussion in ref. 22, the Higgs-mode contribution of
the THz Kerr signal appears only in the A, channel, indicating that the
origin of the B, THz Kerr signal is something else. One possibility is that the
By, THz Kerr signal arises from CDF. According to ref. 15, the diamagnetic
CDF exhibits the By, response, while the paramagnetic one is the By,
response. Although its doping evolution is consistent with that of the B,
Raman susceptibility associated with the diamagnetic CDF, the temperature
dependence is completely different, casting doubt on this interpretation.

Another possible origin is a collective mode associated with nematicity,
as proposed in a previous TPOP experiment in an iron-based
superconductor”’. A recent theoretical study proposed that close to or
even inside a symmetry-lowered nematic phase, a new nematic collective
mode with B;, symmetry can emerge below the Higgs mode energy in the
presence of competing s- and d-wave SC instabilities’. It is worth men-
tioning that the signatures of the significant nematic fluctuations and/or
order have been reported in Bi2212 by Raman spectroscopy”, elasto-
resistance measurement™, and angle-resolved photo emission
spectroscopy”. In those studies, the nematic susceptibility is enhanced
toward overdoping close to p = 0.22. The origin of the nematicity could be
tied to a van Hove singularity”’ or related to the pseudogap®. While we
cannot decipher the above scenarios at this stage, the comparison between
Raman and THz Kerr experiments suggests that the corresponding B,
signals have likely different origins.

In summary, we reexamined the THz nonlinear response in the Bi2212
families by TPOP spectroscopy in ref. 22. Careful analysis of the THz Kerr
signal as a function of hole concentration revealed that it increases toward
overdoping, contrary to the doping evolution of the Raman susceptibility,
which probes the diamagnetic density-density correlation led by the pair
breaking. The temperature dependence of the Raman susceptibility is
evaluated at THz pump-photon energy, and shows no temperature
dependence, in stark contrast to the THz Kerr signal enhanced below T..
These findings lead us to conclude that the THz Kerr signal is not consistent
with the diamagnetic light-matter interaction of the pair breaking, and
likely arises from the paramagnetic coupling of the Higgs mode.

Methods

Samples

The Bi2212 single crystals were grown by the floating-zone method. The SC
transition temperatures T, are evaluated by the magnetic susceptibility
measurement using a superconducting quantum interference device
(SQUID). The hole concentrations (p) of the samples are determined from
T. by Presland-Tallon’s equation™. The samples’ T, and p are summarized
in Table 1.

Terahertz pump-optical reflectivity probe (TPOP) spectroscopy

For the TPOP experiments, the output of a regenerative amplified Ti:sap-
phire laser with the center wavelength at 800 nm, pulse duration of 100 fs,
pulse energy of 4 mJ, and repetition rate of 1 kHz was split into two beams.
One is for generating the THz-pump pulse, and the other is for the optical
probe pulse. To generate an intense single-cycle THz pulse, we utilized the
tilted-pulse-front technique with a LINbO; crystal’' combined with the tight
focusing method™. We evaluated the THz-pump E-field using electro-optic
sampling in a 380-um GaP (110) crystal placed inside the cryostat. The wave

form and power spectrum of the THz-pump pulse are represented in Fig. 1b.
The TPOP experiments were performed in the reflection geometry, with the
normal incidence of the pump and probe beams.

Evaluation of 0R/0¢;

Here, we show that the coefficient dR/de;(w) in Eq. (2) does not depend on
the doping. For simplicity, we omit the variable w from the derivatives and
equations. The derivative 0R/de; can be expressed using the complex
refractive index n(w) = n,(w) + in,(w) as

R _3n, oR

3R _om 0R _ dn, 3R
de, g on,

- . 5
o, on, ®)
First, since the reflectivity is related to the complex refractive index n(w) as
R(w) = |(1—n(w))/(1 + n(w))|* *, the derivatives of 0R/dn, and OR/on, are
written as

OR 4n? —ni —1)
M (1) ) ®)
oR 8n,n,

My (1))

Next, we consider the derivatives of dn,/de; and on,/de;. From the relation
&(w) = n(w)’, the complex refractive index 7 is expressed in terms of ¢ as

g +VeE+é&

n = - =
2
(7)
I -5 +VeE+ &
y = - 5
Thus, we obtain the expressions for dn,/d¢e, and on,/de; as
on, N2 [+ + &
o, 4 g4+
1 1 2 (8)
on, N2 [—g + /& +&
de, 4 g+

By plugging Egs. (6)-(8) into Eq. (5), we can calculate OR/0¢; if the real
part of the dielectric function & (w) and its imaginary counterpart
&(w) = gy01(w)/w (01(w) is the real part of the optical conductivity) are
provided. Figure 4a and b present the real parts of the dielectric function
&1(w) and optical conductivity o;(w), respectively. The data of the UD66 and
OP88 samples in the SC state are taken from ref. 54, and those of the OD77
and OD67 samples are adopted from ref. 55. Importantly, at the probing
photon energy of 1.55 eV (800 nm in wavelength), o7 (w) coincides for all the
samples. Thus, it is reasonable to consider that dR/de; is independent of
doping. Using these spectra, we obtain dR/de; for UD66 as shown by the
blue dashed curve in Fig. 4c. At 1.55 eV, 0R/0¢; is positive. To confirm that
OR/de; does not depend on doping, we also compute dR/0e; for OP88,
showing an excellent agreement with that of UD66 in Fig. 4c. We further
evaluated the temperature dependence of dR/de; for OP88 at 1.55 eV using
the data of ¢, (w) and &,(w) from ref. 56. The obtained dR/0k; is plotted as a
function of temperature in Fig. 4d, and does not depend on temperature,
even across T.. These results guarantee that we can ignore the doping and
temperature dependences of dR/de; at 1.55 V.

Quasiparticle decaying signal

Here, we examine the QP contribution Ae¥ to confirm the internal con-
sistency of the analysis. In the previous optical pump-optical probe
experiments in Bi,Sr,Ca; _,Dy,Cu,Og_  samples, the QP excitation AleP is
identified, and the sign change of AR/R depending on doping is also
reported”’. Although there was a debate on the mechanism of AR/R
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Fig. 4 | Doping and temperature dependence of the optical constants. a Real parts
of the dielectric function &; and b optical conductivity ¢;. The data for UD66 at 20 K
and OP88 at 15 K are adopted from ref. 54, and those for OD77 and OD67 at 40 K are
taken from ref. 55. ¢ The derivative dR/de, for UD66 at 20 K (blue dashed curve) and
OP88 at 15 K (green solid curve). The black vertical arrows denote the probe-photon
energy of 1.55 eV in TPOP experiments. d Temperature dependence of 0R/0e; for
OP88 calculated using the values of ¢; and ¢, from ref. 56. The black dashed vertical
line shows T, =88 K.

probed at the optical photon energy of 1.55 eV*"*"", the sign of AR/R can be
understood with a model assuming that AR/R at 1.55 eV comes from the
pump-induced spectral weight transfer in the real part of the dielectric
function”, In this model, the sign of Ae;Y” depends on the relative order of
the probing angular frequency wpope and the maximum angular frequency
Wmax Where the condensate spectral weight reappears after pumping. In the
case of Wprobe > Wmax, WE Can approximate Ag, using the Kramers—Kronig
relation as

8
QP —
A‘91 (wprobe) — T T4
probe

/ - dw' Aoy (0w, 9)

0

where Aoy is the spectral weight of the real part of the optical conductivity o,
removed from the condensate §-function by the pumping. This limit holds if
the condensate spectral weight at the J-function is distributed to low fre-
quencies, giving Ad; > 0 and thus, Ae ¥ <0 according to Eq. (9). Since the
sign of the derivative dR/de; at wprohe = 1.55 €V is positive in the case of
Bi2212 as shown in Fig. 4c, AR at 1.55¢€V is negative. This explains the
negative reflectivity change in the overdoped samples in the optical-pump-
induced QP excitations. In the case of underdoped samples, however, the in-
plane condensate spectral weight shifts to high frequencies, ie.,
Wprobe < Wmax %, resulting in Ae® >0 and AR>0 at 1.55¢eV. It is
noteworthy that even though our pump-photon energy of THz pulse
around 2.8 meV is much smaller than that of 1.55eV in ref. 57, the sign
change of AR occurs around the hole concentration of p = 0.19, similar to the
optical pumping case, indicating that the THz pump-induced change in the
probing photon energy due to the partial destruction of the SC state is
consistent with that of the high-energy 1.55 ¢V pump. In other words, the
modulation of the optical property at probe photon energy of 1.55 eV does
not depend on the pump wavelength.

Raman spectroscopy

The Raman spectra of Bi2212 were measured using the triple grating
spectrometer equipped with a nitrogen-cooled CCD camera. The excitation
laser wavelength is at 532 nm from a diode-pumped solid-state laser. To
calculate the imaginary part of the Raman response function y,(w), we
corrected the raw Raman spectra by the Bose factor™.

Data availability
The data that support the findings of this study are available from the
corresponding authors (K.K,, Y.G., and R.S.) upon reasonable request.
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All the numerical codes that support the findings of this study are available
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request.
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