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% Check for updates As conventional electronic materials approach their physical limits, the

application of ultrafast optical fields to access transient states of matter cap-
tures imagination. The inversion symmetry governs the optical parity selection
rule, differentiating between accessible and inaccessible states of matter. To
circumvent parity-forbidden transitions, the common practice is to break the
inversion symmetry by material design or external fields. Here we report how
the application of femtosecond ultraviolet pulses can energize a parity-
forbidden dark exciton state in black phosphorus while maintaining its
intrinsic material symmetry. Unlike its conventional bandgap absorption in
visible-to-infrared, femtosecond ultraviolet excitation turns on efficient Cou-
lomb scattering, promoting carrier multiplication and electronic heating to
~3000K, and consequently populating its parity-forbidden states. Interfero-
metric time- and angle-resolved two-photon photoemission spectroscopy
reveals dark exciton dynamics of black phosphorus on ~100 fs time scale and
its anisotropic wavefunctions in energy-momentum space, illuminating its
potential applications in optoelectronics and photochemistry under ultravio-
let optical excitation.

Excitons in insulators and semiconductors' are the primary quasi-
particles of light-matter interaction governed by quantum mechanical
selection rules®. Optical excitation creates a valence band (VB) hole
and a conduction band (CB) electron that form an exciton state bound
by the screened Coulomb interaction. Excitons are quanta that can
transduce the energy and information of light, and define the optical-
electrical-chemical properties of matter. When the VB and CB carry
opposite spin or possess different momentum, optical transitions
between them are forbidden, and their excitons are said to be dark®>.
The suppressed radiative electron-hole recombination makes dark
excitons longer-lived, attracting keen interest to switch them on at
will*°. The parity of electronic wavefunctions, defined by switching
(‘=) or retention (‘+’) of sign upon point reflection, also defines the

strength of optical transitions. A striking example is the metastable
excited state of helium, whose decay time to the same parity ground
state is > 10° longer than for the parity-allowed states'®.

The optical selection rules require that the product of symmetry
characters I' is equal to one. The parity symmetry selection rule is
satisfied when the electronic wave functions and light:

r VB &r CB &r photon ®r exciton_envelope =1 (1)

where the individual characters stand for VB and CB bands, photon,
and exciton envelope"™. The component I'yz ® I'cg ® I pporon SYM-
metry determines the optical CB « VB transitions, where I'pjo¢0, = — 1
restricts single-photon transitions to occur between electronic bands
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of opposite parity”. The exciton envelope parity is defined by the
orbital angular momentum quantum number [ as ["eycion_envetope = (-1
(ref. 12,14), rendering the lowest-lying 1s exciton ground state of
T exciton_envetope =1 Therefore, 1s exciton for one-photon CB < VB
transitions between bands of opposite parity is bright (Fig. 1a), but
dark when they have the same parity (Fig. 1b). The parity selection rule
can be circumvented by breaking the inversion symmetry, as has been
done by introducing lattice-distorting polarons in strongly confined
perovskite quantum dots® or distorting the electronic wave functions
by external magnetic or electric fields in carbon nanotubes™'¢",
Here, we show how the parity-forbidden dark exciton state can be
switched on in a bulk material even when its intrinsic crystal symmetry
is maintained (Fig. 1c). BP is a particularly well-suited
semiconductor'®” for this study because (i) it has a direct band-gap®®
with remarkable optical responses”; (ii) its low atomic number? gives
it a negligible spin-orbit coupling; (iii) its excitonic wavefunctions
express the highly anisotropic band dispersions in the Z-S (armchair,
AC) and Z-T (zigzag, ZZ, Fig. 1d) directions®; and (iv) its crystal struc-
ture exhibits multiple symmetries, providing an ideal platform to
interrogate the optical selection rules (Supplementary Note 1). Espe-
cially, under three-dimensional space inversion, the CB2 as well as VB1-
VB3 have even parity (ref. 21, Fig. 1d), making the CB2 < VBI-VB3
transitions strictly parity-forbidden (Supplementary Note 1.1). Previous
research on BP with infrared excitation has focused on the allowed
CB1 < VBI transition®** and its bright exciton®*?. Herein we study by
energy-momentum-time-resolved two-photon photoemission (2PP)

spectroscopy the high-lying parity-forbidden CB2(e")<VB1(h*) dark
exciton formation under femtosecond UV excitation.

Results

2PP spectral features of BP

Conventional angle-resolved photoemission spectra (ARPES) of BP
excited with a He lamp reproduce the known'®?°?*® anisotropic dis-
persions of the VB1-VB3 along the high-symmetry Z-T and Z-S lines
(Fig. 1d and Supplementary Fig. 1). 2PP spectra excited with
hw =4.59eV femtosecond pulses record the electronic band structures
of transiently populated CBs (Fig. 2a—c). Figure 2a shows the disper-
sions of CB2 and CB3 recorded in the 2PP E(k,) spectrum, for s-pol
excitation with ZZ direction of BP aligned in the optical plane. Tuning
the light polarization from s-pol (8=90°) to p-pol (8 =0°) selectively
probes different CBs and the free-electron dispersing image potential
state (IPS)* (Fig. 2b,c). The observed band assignments are established
by comparing the experimental and calculated band energies and
masses (Supplementary Fig. 2), as summarized in Fig. 2d. Independent
of the light polarization, the line traces taken at k,,=0A" show that
the 2PP signal rises from the surface work function (WF) edge of BP at
E¢ingr =4.68eV, and thereafter, gradually decreases to higher energies
(right panel in Fig. 2a—c). The decreasing signal with £, represents a
hot thermal electron distribution within CB1. This suggests that the
photoexcitation occurs by a Drude-like second-order inelastic scat-
tering process® that populates all accessible CBs. At the intermediate
6=60° excitation polarization, an additional band appears ~ 85 meV
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Fig. 1| The optical excitation scheme of BP. a, b The schematic allowed opposite
and forbidden same parity electric dipole transitions between VB and CB, which
form bright (red shading) or dark (gray shading) 1s exciton state. ¢ When the CB
and VB have the same parity, the initial optical excitation generates a hot hole
distribution ®, enabling ultrafast impact ionization within VBs to promote an
electron to CB @, turning on a dark exciton metastable state. Blue and Gray shad-
ings in a-c indicate the CB and VB, respectively ®. d The calculated band structure of
bulk BP with measured band dispersions along Z-S (k) and Z-T (k) lines [gray
contrast is the ARPES spectrum measured with a He lamp (4w =21.2eV)]. The 3D
Brillouin zone is shown in the bottom. The colors and symbol sizes express the

dominant p, (red), p, (blue), and p, (green) atomic orbital compositions of bands.
Electrons in even symmetry VBs cannot be promoted to the same symmetry CBs by
optical transitions. e Geometry of the optical excitation, the BP sample azimuth,
and the photoelectron emission relative to the optical plane. The detector mea-
sures photoelectron counts as a function of energy and momentum parallel to the
optical plane following excitation by two identical collinear pulses separated by
time delay . A A\/2 waveplate defines the p-pol (6 =0°) and s-pol (8 =90°) field
polarizations relative to the optical plane. Source data are provided as a Source
Data file.
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Fig. 2 | 2PP spectra of transiently populated electronic states in BP.

a-c, Representative 2PP E(k;) spectra of BP excited with UV (hw=4.5%¢V) light
polarized with 8=90° (s-pol), 60°, 0° (p-pol) with the ZZ azimuth in its optical plane.
The left and right ordinates, respectively, numerate the intermediate state and final
photoelectron energies (E;, and E;,q), in the 2PP process, relative to the Fermi
level (Erermi)- The dashed curves guide the band dispersions. The right spectra are
line profiles taken through k,, =0 f\_l; the arrows point to the active bands in each
spectrum. In (b and c), the higher energy range intensities are magnified to visualize
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low-intensity spectral peaks. d Sketch of the observed CBs along k,, with their
specific dispersions. e A colormap composed of a series of line profiles taken at
kz7=0 A" in 10° intervals for light polarization range from 6 =-90° to 90° (s >
p~s). fPolar plots of the relative peak intensity of each state after background
subtraction vs. the light polarization 8 = 0° to 360°. The red dashed lines show the
calculated 6 dependences of [TDMs}* for each Ey;,,; <CBs one-photon and the
coherent Ey;,,; <IPS < VB1 two-photon processes. Source data are provided as a
Source Data file.

below the CB2 with flatter dispersion that cannot be assigned within
the single-particle band structure of BP (Fig. 2b and Supplementary
Fig. 3). Considering its binding relative to CB2, we attribute it to the
CB2 exciton.

Assignments of the detected CB bands are affirmed by distinct
polarization deperldelznces of their 2PP spectra. As shown by the line
profiles at k,, =0 A ~ taken by stepwise tuning of the s> p > s excita-
tion polarization (presented in the color map of Fig. 2e), the intensity
maxima for CB1, CB4, and exciton state occur for p-pol, while for CB2
and CB3 they occur for s-pol. In polar coordinates, by comparing the
relative 2PP intensity 6 dependences with those of the calculated
moduli square of transition dipole moments (ITDM |?) for each CB
(Fig. 2f and Supplementary Note 1.2), we conclude that the cos?0
dependence of CB1 and CB4, and the sin’0 dependence of CB2 and
CB3 are defined by one-photon transitions from these transiently
populated bands to the E;,; photoemission continuum, in line with
their incoherent population and subsequent photoemission. Further
symmetry analysis of CBs explains their distinct polarization depen-
dences. Specifically, when the ZZ azimuth of BP is aligned in the optical
plane, the pseudospin symmetry is even for CB1 and CB4, and odd for
CB2 and CB3, which defines their respective detection by p-pol and
s-pol (Supplementary Note 1.3). By contrast, the IPS has intensity
maxima at 0 = + 45°, which stands out because photoemission from IPS
is always maximum for normal emission. This, however, can be ele-
gantly understood as a consequence of a coherent two-photon
Efing <IPS < VBL excitation that must have distinct sin’0 - cos?0

dependence (Supplementary Fig. 4). The CB2 exciton state appears for
p-pol, because its joint electron-hole character of CB2 and VB1 both of
odd symmetry, gives it a total even symmetry.

The anisotropic dark CB2(e )« VB1(h*) exciton

We next establish the exciton state energy by tuning excitation
hw=3.94 — 4.77eV (Supplementary Fig. 5). Figure 3a records the £y
shift of each state with 2w, where the approximate fitted slopes of ~1
confirm their incoherent population in the 2PP process, and determine
the exciton binding energy of £, ~ 80 + 20 meV relative to CB2 (Fig. 3b).
Furthermore, 2PP recorded for ZZ to AC azimuths capture the aniso-
tropies of CBs bands and CB2 exciton (the AC measurements are
shown in Supplementary Figs. 6, 7 and analyzed in Supplementary
Note 1.4). Surprisingly, the CB2 exciton dispersion reverses from
positive along k- to negative along k,c (Fig. 3c, d). A detailed
description of the dispersion extraction in Supplementary Fig. 3, 7,
gives the exciton effective masses m,,(ZZ)=0.90 m, and m,(AC)= —
0.36 m, (m, is the free electron mass).

We note that the true dispersion of an exciton is defined by the
sum of the electron and hole masses®, whereas its photoemission
spectra record the “apparent dispersion” from its photoemitted
electron®>*, Photoemission dissociates an exciton, with the energy
and momentum conservation constraining its £(k,) distribution by
that remaining with the VB hole**”*. Simulation of the “apparent dis-
persion” by the effective mass approximation model** shows that the
effective exciton temperature, T, can tune the “apparent dispersion”
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Fig. 3 | Anisotropic CB2 exciton in BP. a £;,,, values of CB1-CB3 and CB2 exciton
vs. hw, and their linear fitting (dashed lines), with numbers giving their slopes. The
slopes of ~1 signify that the 2PP experiment measures their incoherently excited
populations. The data with hollow and solid circles are extracted from s-pol and
p-pol 2PP spectra in Supplementary Fig. 5, respectively. b Data from a transformed
to E;;,, to obtain the state energies (indicated by the numbers). The errors give the
standard deviation. ¢, d 2PP spectra of CB2 excitons measured with 7w = 4.59¢V for
the ZZ and AC azimuths, respectively. For ZZ, the polarization is set at 6= 60° to
record both the CB2 and CB2 exciton, while for AC, it is at 8 = 0°. The measured
dispersions of CB2 and CB2 exciton are indicated by white and orange curves,
respectively. The lower panels show the k; momentum intensity distributions of
CB2 excitons. The black curves indicatg the fitting of the exciton wavefunctions
densities via |¢(k)|2 =1/ [1 + (kae)()2 /4} (ref. 32), reporting the anisotropic exciton

Bohr radii a,, = 12.3+ 0.6 A(ZZ) and 15.6 + 0.5 A (AC). e, f The simulated spectra of
CB2(e")«<VBI1(h") excitons along k;, and k 4, whose spectral dispersions are shown
by the orange dashed curves. g The nonlinear order N obtained by fitting the s-pol
(upper panel) and p-pol (lower panel) power-dependent 2PP spectral intensities
(Supplementary Fig. 8) to Y =/V, plotted vs. Fine (Efina0)- The gray line indicates the
corresponding 2PP spectra excited with s-pol hw =4.59eV. h 2PP spectra excited
with s-pol hw =4.43eV at BP sample temperatures of 300, 260, 190, and 90 K. The
spectrum at 90 K shows Gaussian function fits for the CB2 and CB3 peaks (gray
shading), and Fermi-Dirac (F-D) distribution for hot electrons giving

T.=2650 * 16 K (blue shading). i The obtained hot electron T, values plotted for
different sample temperatures. The error bars in (g and i) are given by the 95%
confidence interval for the nonlinear least-square parameter estimates. Source data
are provided as a Source Data file.

to be close to VB dispersion at T, — 0 and to CB dispersion at T, —
oo (Supplementary Note 2.1). The CB2 has a strong upward dispersion
along kzz, and the VBLI has a strong downward dispersion along kuc
(blue and red curves in Fig. 3e, f). This can generate the reverse
“apparent dispersions” for CB2(e”)<VB1(h") exciton along k77 and k¢
at a modest T,,, where the experimentally observed dispersions are
best simulated for T, =340K (color contrast in Fig. 3e, ). Further-
more, many-body perturbation theory calculation supports that the
observed exciton is the 1s ground state of CB2(e")<VBI(h*) exciton
with a calculated E,~ 60 meV and anisotropic wave function in real-
space (Supplementary Note 2.1).

Indirect excitation of CB2 and its exciton

As explained, parity forbids direct optical CB2 < VBI transitions, and
therefore its 1s exciton is strictly a parity-forbidden dark state. So,
elucidating excitation provides insight into the optical response of BP.
The laser intensity (/) power-law*’ for photoelectron yield (Y) by two-
photon absorption, ¥ =/", is expected to be N=2. The measured N> 2
values below the highest energy photoelectron states, however, imply
that there must be a carrier multiplication processes (Fig. 3g and
Supplementary Fig. 8). This can occur by Auger-type scattering as it
happens in copper®* and layered materials®**.

Like the quasi-two dimensional (2D) semimetal graphite*, weak
screening of the Coulomb interaction in the Van der Waals layered BP
enables ultrafast electron excitation to CBs by second-order Coulomb
scattering channels that are only restricted by energy and momentum
conservation but not symmetry. This is immediately evident in the
unstructured hot electron signal from CBI in 2PP spectra of BP, whose
intensity decreases above the WF edge following UV excitation. We
attribute this signal to hot thermalized electrons with an effective
electron temperature (T,) given by the Fermi-Dirac (F-D) distribution,

f(Eine) =1/[1+ exp <%>] (kg is the Boltzmann constant). Fitting to

the F-D distribution gives T,=2650 — 3240K range for sample tem-
peratures of 90-300 K (Fig. 3h, i). The effect of the sample tempera-
ture on the effective hot electron temperature implies that electron-
phonon (e-ph) scattering also contributes to the hot electron genera-
tion and thermalization.

Ultrafast Auger-type scattering

Evidence for the delayed excitation of dark states and hot electron
heating is conspicuous in the interferometric time-resolved 2PP
measurements for excitation with a pair of identical, collinear, phase-
correlated pump-probe pulses at hw=4.02eV (Fig. 4). The
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normalized at 6 = Ofs. The black curves are obtained by Fourier transformation of
the 12PC data and reverse transformation of its zero-frequency Ow component to
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emphasize its slowly evolving hot electron signal. The green curve is the in situ
pulse autocorrelation reference (Supplementary Fig. 9e, f). e, f Inverse Fourier
transforms the map of the Ow signal from the data in a for s-pol, and from the
Supplementary Fig. 9c for p-pol excitation; the intensities are normalized at § = Ofs.
The transiently populated longer-lived dark CB2 and its exciton populations are
evident g, h The delayed Auger/direct population ratio a and the hot electron
lifetime 7, from the OBE simulation of Ow traces, plotted as a function of E;,, for
s-pol and p-pol measurements. The vertical line in (h) indicates the limiting time
resolution of ~30 fs (for £, >1.8eV, 7, extraction is not reliable). In the £;,,=0.7 —
1.8eV range, the data are fitted with 7, ~ (i) ™", giving n=1.93+0.12 and

1.89 + 0.11 for the s-pol and p-pol measurements, respectively. Source data are
provided as a Source Data file.

measurements generate 3D movies of £ (k) vs. 6 scanned in
0.064 fs/frame steps to capture the coherent and incoherent elec-
tron dynamics with sub-optical-cycle accuracy (Supplementary
Movies 1, 2). Extracting the £, (6) at k,=0A = from the movies
generates 2D interferograms of the polarization and population
dynamics for each state (Fig. 4a for s-pol and Supplementary Fig. 9¢
for p-pol). With s-pol excitation, the interferogram shows the main
features of CB2 and CB3 superposed on the dominant hot electron
signal with decreasing intensity above the WF edge in the vertical line
trace at § = Of s (Fig. 4a). Plotting the vertical line traces at A6=20fs
intervals show the hot electron signal component to be decreasing
(Fig. 4b). Fitting this component by F-D distribution (Fig. 4c) shows
that T,(6) has the primary maximum at é = Of s where the laser flu-
ence is maximum, and tellingly, a secondary maximum at 6 = ~ 80f's
(red arrow in Fig. 4c) where the hot electron population is multiplied
and heated. We attribute the rising signal to retarded Auger-type
scattering processes®*°,

The contribution of the retarded carrier scattering is evident in
the interferometric two-pulse correlation (I2PC, Fig. 4d) traces

obtained as horizontal line profiles through the interferogram in
Fig. 4a, as well as the enhanced (V> 2) nonlinear order of 2PP signals in
Fig. 3g. The phase-independent Ow signal obtained by Fourier
filtering® of the I2PC scans records the incoherent electron dynamics
(black traces in Fig. 4d). The Ow trace for CB3 at £;, =2.5eV is almost
identical to the reference pulse autocorrelation (green trace), because
the electron dynamics at that energy are too fast to resolve. By con-
trast, the Ow signals for CB2 and WF edge show a delayed rise and
pedestal formation at &>50fs, giving evidence for carrier
multiplication®~°, Plotting the Ow traces at different E;,,, shows that the
delayed rise feature primarily occurs at low £;,, and becomes invisible
at E;,,>2.4eV (Supplementary Fig. 9b, d), indicating that the CB
population by carrier multiplication decreases as E;,; increases to
reach the expected N=2 for a two-photon process at E;, = hw. Parti-
cularly, pronounced delayed rise signals appear at £;,, of CB2 and CB2
exciton, as are evident in the Ow maps under s-pol and p-pol light
excitation (Fig. 4e, f). Moreover, the delayed rise features appear ear-
lier under higher light fluence (Supplementary Fig. 10), as expected for
the Auger-type scattering process*.
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Optical Bloch equation (OBE) simulations at specific £, including
the delayed Auger-type generation, can well reproduce the Ow traces
(Supplementary Note 3), from which we can extract the hot electron
lifetime 7,%%°, and the ratio, a, of the delayed to the prompt hot
electron population. As E;,, increases from the WF edge, the value of
decreases non-monotonically (Fig. 4g), gaining secondary maxima at
CB2 and CB2 exciton, signifying their dominant excitation is by carrier
multiplication. The obtained 7, is longest (-180fs) at WF edge
(Eie = 0.7eV) and decreases at higher £ (Fig. 4h) with an approximate
T, ~ (Eim)’l'9 dependence, which is close to the inverse quadratic
dependence of 7, for e-e scattering in normal Fermi liquids*. This
invites a conclusion that for E;,, >0.7eV above Erey;, €-e scattering
dominates on the ~100 fs time scale, while closer to the CB minimum,
the e-ph scattering may dominate on a longer time scale®’.

Discussion

The semiconducting BP with a layer thickness tunable bandgap pre-
sents a broad optical response in the visible-to-infrared range”** and
attracts interest in its variable-spectrum optoelectronic applications*.
Its absorption in 7w =3 -4 eV UV range is regarded to have a “colos-
sal”, five orders-of-magnitude, increase in photoconductivity relative
to the visible-near-infrared excitaiton*. Wu et al. attribute this chan-
geover to the excitation of flat bands (G-Z direction) that may con-
tribute a high density-of-states for excitation from ~ -2 to 2 eV*. Our
femtosecond deep UV (hw = 4.68 — 3.94 eV) pulse 2PP spectroscopy of
BP shows the photoexcitation unconventionally occurs through a
second-order Drude-like process where transient e—h" pairs turn on
Coulomb interactions that activate carrier-carrier scattering that
populates CB1-CB4, in sharp contrast to the conventional band-to-
band transitions under visible excitation (Supplementary Note 4).
Consequently, in the primary response, energy and momentum are
conserved, generating the hot electron gas with T, up to 3000 K in CB1
and populating CB2-CB4. The concomitantly generated hot holes
participate in Auger-type interband carrier-carrier scattering. Particu-
larly, VBI1 electrons participate in impact ionization, where the energy
of one recombing with a deep hole is transferred to the other to
populate the CB2 to generate the parity-forbidden CB2(e”)<VB1(h")
dark exciton state (Supplementary Fig. 11). The energy and momentum
conservations in impact ionization determine the exciton distribution
with finite center-of-mass (COM) momentum, thereby achieving the
observed exciton temperature of T, =340 K (Supplementary Fig. 15).
Such unconventional optical response with exceptional dark exciton
formation and hot electron generation extend the potential applica-
tions of BP in optoelectronics™**’** and photochemistry***” under
femtosecond UV excitation.

The involvement of carrier scattering in UV absorption can be
attributed to weak and time-dependent screening of the Coulomb
interaction in 2D materials. The UV excited transient excitonic virtual
e-h pairs scatter within the 30-fs excitation pulse window to generate
real thermalized hot electrons and holes*®. The generated hot carrier
plasma can undergo further carrier multiplication scattering on
<100 fs time scale that is seen as the delayed dark state rise. This
analysis is entirely consistent with the understanding that, while the
electronic band structure picture of 2D materials is valid, the quasi-
particle picture of their excitations is equivocal because of charge
carrier Coulomb correlations that favor second-order scattering
processes*®. Thus, our energy-momentum-time-resolved nonlinear
2PP spectroscopy shows that under femtosecond UV excitation, the
optical response of 2D materials can deviate from band-to-band
dipole transitions, opening new routes to access novel dark state
with singular properties relative to the starting ground state. We
expect that the departure from the quasiparticle concept under
strong excitation is a general feature of 2D materials that show evi-
dence of Coulomb correlations under weak excitation and low-
temperature conditions®.

Methods

Sample preparation

The single-crystalline BP samples are grown by the chemical vapor
transport (CVT) method in a two-zone tube furnace using high-purity
red phosphorus, tin iodide and tin powders as the starting materials*’.
Commercial BP samples (HQ Graphene) are also used to check for the
consistency of 2PP experiments. The BP surface is cleaved in situ under
ultrahigh vacuum (UHV). A low-temperature scanning tunneling
microscopy at constant current mode (STM, Omicron LT) is used to
establish the surface cleanness (Supplementary Fig. 1a)

2PP and 1PP measurements

A 1030 nm femtosecond laser (Light conversion, Pharos-20W) oper-
ating at a 500 kHz repetition pumps a self-built noncollinear optical
parametric amplifier (NOPA) to produce tunable excitation pulse
trains between 500 — 930 nm (hw; =2.48 -1.33 eV) with an average
output power of ~60-80 mW. The pulses are compressed by mul-
tiple reflections from a matched pair of negative dispersion mirrors
to ~20-30fs for further frequency doubling by a BBO crystal to
250 - 465 nm (hw =4.96 — 2.67 eV). Dispersion compensation for UV
pulses uses a series of four dispersive prisms to reach a pulse dura-
tion of ~30 fs. The laser beam is focused onto the sample at an inci-
dent angle of 45° from the surface normal with a spot
diameter ~ 50 pm.

2PP measurements are carried out mainly at room temperature in
a UHV chamber with a base pressure <1.5x107° mBar. The manip-
ulator can also cool the samples down to 90 K with liquid nitrogen,
such as for the measurements in Supplementary Fig. 7 and 10, for a
better signal-to-noise ratio. The 2PP spectra are collected with a
hemispherical electron energy analyzer (Specs, Phoibos 150, +15°
acceptance angle). A 2D DLD delay-line detector (Surface Concept)
records Egnqi(ky) values in single photoelectrons counting acquisition
mode. A bias of 3V is applied between the sample and the analyzer to
collect low-energy photoelectrons. When #w<WF, two-photon
absorption excites electrons from below Eg,,;; to above the vacuum
level (Ey), to overcome the surface work function and undergo pho-
toemission. The observed electron dynamics occur dominantly in
bound intermediate states E;n(k;) = Efnai(k)) - hw. During the electronic
system evolution, absorbing the second photon projects electrons into
the photoemission continuum, where their energy and momentum are
recorded.

As shown in Fig. 1e, the incident laser beam, the sample surface
normal, and the analyzer slit are aligned in the optical plane. A /2
waveplate sets the excitation polarization between p- and s-pol. A 5-axis
manipulator with in-plane azimuth rotation can align the ZZ or AC
edges of BP crystals to the optical plane, where its crystalline orien-
tations are further verified by recording the LEED pattern analysis
(SPECS ErLEED 100, Supplementary Fig. 1b).

The conventional ARPES (referred to as 1PP) is excited by
hw=21.2eV from a He discharge lamp (VG Scienta, VUV5000). The
optical excitation pathways for 1PP and 2PP are schematically shown in
Supplementary Fig. 1f.

Interferometric time-resolved 2PP measurements

A Mach-Zehnder interferometer generates identical, collinear, phase-
correlated pump-probe pulse pairs for time-resolved 2PP
measurements®. A piezoelectrically actuated translation stage scans
the pump-probe time delay (6), enabling the phase coherent response
to be recorded with each frame recording 2D E;,.(k;) images. Scanning
the delay over § =280 to - 50 fs range in 64 attosecond steps records a
3D interferogram movie (Supplementary Movies 1, 2) of the variation
of photoelectron counts in the energy-momentum-time domains*~'~°,
To improve the counting statistics, more than 200 pump-probe scans
are accumulated together with the delay time calibration interference
fringes at the laser center frequency. The calibration fringes define the
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time axis with a constant optical cycle at specific excitation hw. From
the accumulated 3D interferogram movie, we extract the 2D inter-
ferograms of E;, vs. 6 at specific k, such as in Fig. 4a and Supple-
mentary Fig. 9.

Such interferograms are Fourier transformed (FT) from time
to frequency domains to analyze responses at the dominant
coherent polarization frequencies corresponding to Ow, 1w, 2w
harmonics (w is the laser frequency). For further analysis, 2D-FT
spectra are inverse Fourier transformed back to the time domain,
in particular, the Ow phase-averaged component (Fig. 4e, f and
Supplementary Fig. 10) is used for the analysis of optical phase-
independent hot electron population dynamics. The OBE simu-
lation details of the population dynamics are in Supplementary
Note 3.

Calculations

Density functional theory (DFT) calculations are performed with the
projector-augmented wave method (PAW)” as implemented in
Vienna ab-initio simulation package (VASP)***, The Perdew-Burke-
Ernzerhof (PBE) functional®® is used for the exchange-correlation
potential. For geometry optimization, the vdW interaction is con-
sidered at the vdW-DF level with the optB88 exchange functional
(optB88-vdW)"*2, The plane wave cut-off energy is set as 400 eV. An
18 x18 x 6 k-mesh is used to sample the Brillouin zone. The atomic
geometry is fully optimized until a residual force on each atom is less
than 0.01eV A™. Electronic band structure is calculated by hybrid
functional (HSE06)®* methods based on the atomic structures
obtained from the full optimization by optB88-vdW, and the result is
shown in Fig. 1d. Ab initio GW plus Bethe-Salpeter Equation (GW-
BSE)**“* calculations is performed using VASP as well to evaluate the
exciton binding energy and wave function, with the same structure,
energy cutoff and k-grid as in DFT calculation.

Data availability

The main data supporting the findings are provided in the Source data
files with this paper. All the data that support the findings of this study
are available from the corresponding author upon request. Source
data are provided in this paper.
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