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S1.	Polarization	dependence	

In	 Figure	 S1	 we	 report	 a	 polarization	 dependent	 study.	 Data	 was	 taken	 on	

La1.905Ba0.095CuO4	 at	 𝑇	 = 	7	K	 after	 installing	 a	 tunable	 waveplate	 and	 an	 optical	

polarizer	in	the	pump	beam,	as	well	as	a	THz	polarizer	in	front	of	the	detection	crystal.	

As	is	evident	from	the	traces,	the	multi-cycle	THz	emission	signal	at	𝜔 ≃ 𝜔!"# 	appears	

to	 be	 entirely	 polarized	 along	 the	 out-of-plane	 crystallographic	 axis.	Moreover,	 it	 is	

found	only	upon	excitation	with	pump	pulses	polarized	along	the	same	c-axis	direction	

(see	Fig.	S1d).	

	

	

	

	
Figure	S1.	Pump	and	THz	polarization	dependence	measured	in	La1.905Ba0.095CuO4	at	𝑇	 = 	7	K	
for	a	pump	fluence	of	2.5	mJ/cm2.	The	 following	configurations	are	reported:	(a)	Pump	and	
emitted	 THz	 both	 polarized	 in-plane,	 (b)	 Pump	 in-plane	 and	 emitted	 THz	 out-of-plane,	 (c)	
Pump	out-of-plane	and	emitted	THz	in-plane,	(d)	Pump	and	probe	both	polarized	out-of-plane.	
In	each	panel	full	circles	are	the	experimental	data	while	solid	lines	are	multi-component	fits.	
	
	
	
	



 
 

3 

This	type	of	response,	consistent	with	a	dipolar	distribution,	allows	us	to	rule	out	that	

the	long-lived	coherent	oscillations	originate	from	higher-order	nonlinearities	(electric	

quadrupole	or	magnetic	dipole).	These	had	been	identified	in	Ref.	(i)	as	responsible	for	

the	 THz	 emission	 in	 unbiased	 YBa2Cu3O6+x.	 Therein,	 however,	 the	 signal	 had	 very	

different	characteristics	from	the	one	reported	here,	being	present	even	in	the	normal	

state	above	𝑇$ ,	and	having	a	single-cycle	shape	and	a	4𝜙	dependence	with	respect	to	

the	azimuthal	angle	𝜙.	

	

	

S2.	Pump	pulse	length	dependence	

As	discussed	 in	 the	main	 text,	 in	 a	 centrosymmetric	 cuprate	 impulsive	 excitation	of	

Josephson	plasmons	is	forbidden	by	symmetry.		

One	possibility	is	that	photoexcitation	leads	to	a	direct	coupling	with	another	higher	

frequency	fully	symmetric	mode	that,	in	turn,	can	decay	into	Josephson	plasmons.	For	

example,	an	amplification	of	phase	modes	mediated	by	the	amplitude	modeii,iii,iv,v	has	

already	 been	 discussed	 in	 charge-density-wave	 materialsvi.	 In	 Fig.	 S2	 we	 report	

additional	measurements	in	which	we	studied	how	THz	emission	in	LBCO	9.5%	evolved	

as	 the	 pump	 pulses	 were	 made	 longer,	 at	 constant	 fluence	 and	 temperature.	 The	

emitted	 oscillation	 amplitude	 reduced	 significantly	 as	 the	 pulse	 duration	 exceeded		

2	ps	vii,	pointing	to	a	scenario	in	which	modes	at	~0.5	THz	are	excited	directly,	rather	

than	indirectly	by	a	high	frequency	symmetric	mode.	

The	 mechanism	 proposed	 in	 the	 main	 text,	 which	 involves	 the	 direct	 excitation	 of	

surface	Josephson	plasmons,	is	compatible	with	these	results.	
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Figure	S2.	Pump	pulse	length	dependence	of	the	THz	emission	signal	in	La1.905Ba0.095CuO4.	(a)	
Experimental	traces	in	time	domain,	taken	at	for	different	pump	pulse	durations,	Δ𝜏!"#!	(full	
circles).	All	data	have	been	taken	at	𝑇	 = 	7	K,	for	a	constant	pump	fluence	of	2.5	mJ/cm2.	Solid	
lines	are	multi	components	fits.	(b)	Pulse	length	dependence	of	the	THz	oscillation	amplitude	
(full	circles),	extracted	from	the	fits	in	(a).	The	solid	line	is	a	guide	to	the	eye.	
	

	

S3.	Fitting	model	

All	time-dependent	experimental	curves	shown	in	Fig.	1	and	Fig.	2	of	the	main	text,	as	

well	as	in	Fig.	S1	and	Fig.	S2	of	the	SI	Appendix,	were	fitted	using	the	formula:	

𝐸%&'(𝑡) = 𝐴(𝑒)(+ ,-!⁄ )" cos(𝜔(𝑡 + 𝜑()

+𝐴0[1 + erf(𝑡 𝜏0⁄ )]𝑒)1#+ cos[(𝜔0 + 𝑐0𝑡)𝑡 + 𝜑0] +𝐵(𝑡)	

Here,	𝐴(,	𝜏(,	𝜔(,	 and	𝜑(	 are	 the	amplitude,	Gaussian	width,	central	 frequency,	and	

phase	of	the	“single-cycle”	component	around	time	zero.	𝐴0,	𝜏0,	𝛾0,	𝜔0,	𝑐0	and	𝜑0	are	

instead	amplitude,	rise	time,	decay	rate,	initial	frequency,	linear	chirp	coefficient,	and	

phase	 of	 the	 quasi-monochromatic,	 long-lived	 oscillation.	𝐵(𝑡)	 is	 a	 weak,	 slowly-

varying	polynomial	background.	

All	fitting	curves	are	displayed	in	Fig.	1,	Fig.	2,	Fig.	S1,	and	Fig.	S2	as	solid	lines.	Note	

that	for	LSCO	and	LBCO	11.5%	the	experimental	traces	were	reproduced	using	only	a	
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“single-cycle”	 component	 and	 weak	 a	 slowly-varying	 background	 (first	 and	 third	

terms	 in	 the	 equation	 above).	 In	 contrast,	 for	 LBCO	15.5%	and	LBCO	9.5%	 it	was	

necessary	 to	 introduce	the	multi-cycle	oscillation,	which	typically	had	much	 larger	

amplitude,	𝐴0,	than	the	other	terms	and	only	a	weak	(≲ 2%)	positive	linear	chirp.	

Figure	S3a	illustrates	such	a	fit	for	a	particular	set	of	data	taken	on	LBCO	9.5%.	The	

individual	fit	components	are	explicitly	shown.	

As	reported	in	Fig.	S3b,	the	“single-cycle”	pulse	was	absent	at	low	fluence	and	grew	

quadratically	 in	 amplitude	 with	 irradiation.	 On	 the	 other	 hand,	 the	 quasi-

monochromatic,	 long-lived	 oscillation	 grew	 linearly	 up	 to	 about	 1	 mJ/cm2	 and	

saturated	 for	higher	 excitation	 fluence.	This	 linear	 trend	of	 the	main	oscillation	 is	

compatible	with	the	direct	impulsive	excitation	of	a	coherent	mode.	

	

	

	
	
Figure	S3.	(a)	THz	emission	signal	measured	in	La1.905Ba0.095CuO4	at	T	=	7	K,	for	a	pump	fluence	
of	5	mJ/cm2.	Full	circles	are	experimental	data,	while	the	blue	solid	line	is	the	result	of	a	multi-
component	fit.	This	 included	a	“single-cycle”	component	around	time	zero	(gray	dots)	and	a	
quasi-monochromatic,	 long-lived	 oscillation	 (blue	 dashed	 line).	 (b)	 Fluence	 dependent	
amplitudes	of	both	single-cycle	(gray)	and	quasi-monochromatic	(blue)	components,	extracted	
from	fits	as	those	shown	in	panel	(a).	
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S4.	Equilibrium	Josephson	plasma	frequencies	and	detection	

bandwidth	

In	 Figure	 S4,	we	 show	 the	 temperature	 dependence	 of	 the	 equilibrium	 Josephson	

plasma	resonance	for	all	four	compounds	investigated	in	our	study.	The	spectra	were	

measured	 by	 THz	 time-domain	 spectroscopy	 on	 the	 same	 crystals	 used	 in	 the	

emission	 experiment,	 and	 are	 in	 good	 agreement	 with	 previous	 reports	 in	 the	

literatureviii,ix,x.	

Figure	 S5	 shows	 instead	 the	 results	 of	 a	measurement	 performed	 to	 estimate	 the	

bandwidth	of	our	setup.	We	have	installed	a	ZnTe	crystal,	identical	to	that	used	for	

detection	of	the	emission	signal,	on	the	cryostat	cold	finger	at	the	sample	position.	In	

Fig.	S5a	we	report	the	THz	electric	field	emitted	by	this	ZnTe	crystal,	while	Fig.	S5b	

shows	the	corresponding	spectrum.	The	frequency	range	shaded	in	red	indicates	a	

plausible	detection	bandwidth	 for	our	 setup,	 estimated	by	 setting	 the	extremes	 to	

frequency	 values	 for	which	 the	 spectral	 amplitude	 is	 reduced	 to	 10%	of	 the	 peak	

value.	This	extends	over	a	range	of		~0.1	to	2.75	THz,	covering	the	Josephson	plasma	

frequencies	of	all	samples	studied,	which	are	indicated	by	arrows	following	the	color	

coding	of	Fig.	S4.		

We	 stress	 here	 that	 although	putative	 coherent	 emission	 from	LBCO	11.5%	 could	

have	 occurred	 at	 frequencies	 lower	 than	 𝜔!"# ≃ 0.2	 THz,	 we	 found	 a	 complete	

absence	of	long-lived	oscillations	in	this	material	for	any	pump	fluence	down	to	values	

as	low	as	0.1	mJ/cm2,	for	which,	based	on	the	LBCO	9.5%	results	of	Fig.	2	and	Fig.	3,	

emission	should	occur	very	close	to	𝜔!"# .	
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Figure	S4.	(a-d)	Reflectivity	of	the	four	samples	under	study,	normalized	for	the	same	quantity	
measured	 in	 the	 normal	 state	 above	 𝑇$ .	 All	 spectra	 were	 measured	 by	 THz	 time-domain	
spectroscopy	and	are	reported	at	selected	temperatures	below	and	across	the	superconducting	
transition.	 The	 reference	 temperatures	 for	 normalization	 were	 50	 K	 (LSCO),	 25	 K	 (LBCO	
11.5%),	and	40	K	(LBCO	15.5%	and	LBCO	9.5%).	The	Josephson	plasma	resonance	appears	here	
as	a	sharp	edge	located	at	𝜔 = 𝜔%&' .	(e-h)	Temperature	dependence	of	𝜔%&' 	extracted	via	fits	
on	 the	 reflectivity	 ratios	 in	 (a-d)	with	 a	 Josephson	plasma	model	 (see	Fig.	 3a).	The	 colored	
dashed	lines	are	guides	to	the	eye,	while	the	vertical	gray	lines	indicate	the	superconducting	𝑇$ 	
of	each	sample.	
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Figure	S5.	(a)	Time-dependent	electric	field	emitted	by	a	1-mm	thick	ZnTe	crystal	mounted	on	
the	 cryostat	 cold	 finger	 at	 the	 sample	 position.	 The	 signal	 was	 measured	 by	 electro-optic	
sampling	 in	 an	 identical	 1-mm	 thick	 ZnTe	 crystal,	 which	 was	 also	 used	 for	 all	 other	
measurements.	(b)	Fourier	transform	of	the	time	trace	in	(a).	The	red	shading	indicates	the	
spectral	 range	 between	 0.1	 and	 2.75	 THz,	 which	 is	 an	 estimate	 of	 the	 bandwidth	 of	 our	
experimental	 setup,	having	as	extremes	 the	 frequencies	 for	which	 the	 spectral	 amplitude	 is	
10%	of	the	peak	value.	Colored	arrows	indicate	the	Josephson	plasma	frequencies	of	the	four	
samples	in	our	study	extracted	at	the	lowest	temperatures	shown	in	Fig.	S4.	The	color	coding	
follows	that	of	Fig.	S4.	
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