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Resonant photoemission in single-crystal black phosphorus
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Resonant photoemission in single-crystal black phosphorus has been reinvestigated in detail by
high-resolution spectroscopy. Partial-yield, valence-band, and constant-initial-state spectra were
measured in the 2p core-exciton excitation region. We have confirmed two types of resonances at
the 2p core threshold: one is a strong core-exciton-induced resonance with two final valence holes
and the other is a weak Fano-type resonance. The Fano-type resonance is preferentially associated
with the lower-energy spin-orbit doublet (A4-A4’) of the core excitons (A4- A’ and B-B’ being separat-
ed by 0.2 eV). This result elucidates the difference of the degree of localization of the core excitons,
A-A'" and B-B’, and rules out the possibility that the L, ; V'V Auger tail is solely responsible for the

resonance profile.

Features of core-level absorption spectra in semicon-
ductors depend strongly on the nature of electron—core-
hole (e-ch) interaction. When the e-ch interaction is very
weak or negligible, the spectra reflect the density of states
(DOS) of unoccupied conduction bands.! On the other
hand, the strong e-ch coupling leads to a pronounced ex-
citonic enhancement of the absorption near the core ab-
sorption threshold.>>* In addition, the decay processes
of such core excitons influence significantly the photo-
emission cross section of valence bands. >*

In the case of black phosphorus (P), the 2p core absorp-
tion spectra have shown intense and sharp spin-orbit dou-
blets, A- A’ and B-B’, due to the core-exciton formation.?
Moreover, the photoemission intensities of valence bands
remarkably change near the 2p core threshold. The
strong increase of the photoemission intensity in the re-
gion of the upper 3s valence bands has been interpreted
as due to core-exciton-induced resonant photoemission
with two final valence holes, whereas the weak change of
the topmost 3p valence-band intensity has been ascribed
to Fano-type resonance.’> A detailed analysis of the two
types of resonances, however, was restricted by a limited
resolution of the photoemission spectra.

From an experiment made with a better resolution,
Takahashi et al. claimed an absence of both types of
core-exciton-derived resonances in black P.® On the oth-
er hand, Nakano and Kotani investigated theoretically
the resonant photoemission in black P in detail and re-
vealed an important role of core excitons in both reso-
nances’ from comparison of the calculated spectra with
the experimental data.® The resonant photoemission in
black P has been thus quite controversial.
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Under such circumstances, we report in this paper on
higher-resolution experiments of the resonant photoemis-
sion in black P crystal for three different configurations
of the electric vector of light (E) with respect to crystal
axes. The present high-resolution experiments have part-
ly corrected the earlier spectrum for the weak Fano-type
resonance measured with a poor resolution.®> Two types
of resonances, however, are confirmed to be taking place
at the 2p core threshold, in contrast to the conclusion by
Takahashi et al.® The strong enhancement at the upper
3s bands is explained again as due to the core-exciton-
induced resonance in the form of a resonant L,;VV
Auger process with two final holes in the valence
bands.>’ The weak Fano-type resonance observed at the
topmost 3p valence bands is found to be mainly due to an
interference with the direct recombination process of the
A-A' core-exciton doublet. Among them, the core-
exciton-induced resonant L, ;VV Auger decay consti-
tutes the dominant decay process. The results for black P
single crystal are compared with those for GeS, GeSe,
SnS, and SnSe single crystals with black P structure,
which exhibit a pronounced Fano-type resonance due to
core excitons at the cation d (Ge 3d and Sn 4d) core
thresholds.* The quite different features between black P
and GeS-SnSe single crystals are successfully interpreted
on the basis of a model proposed for the decay mecha-
nism of core excitons in GeS-SnSe. *

The present experiments were performed at the Flipper
II beam line of HASYLAB (Ref. 8) by making use of syn-
chrotron radiation from the DORIS storage ring in Ham-
burg. A combination of a high-resolution plane-grating
monochromator and a double-pass cylindrical mirror
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electron-energy analyzer was used to measure angle-
integrated photoemission spectra. The exit slit of the
monochromator was set to 200 um (Ref. 8) in order to
obtain a sufficient counting rate in the photoemission
measurements. The core absorption spectra were ob-
tained by measuring partial-yield spectra at a final elec-
tron kinetic energy of 4.0 eV with a window of 0.3 eV.
The constant-initial-state (CIS) spectra, which trace the
photoemission cross section of selected regions of valence
bands as a function of photon energy (#iw), were recorded
directly by a synchronous scanning of the window energy
of the electron-energy analyzer and #iw. Samples were
high-purity single crystals of black P, whose in situ
cleaved a-c plane was used for measurements. Their
orientation’ was checked by low-energy electron
diffraction (LEED) and x-ray diffraction. The working
pressure was below 2 X 107 1° Torr.

Figure 1(a) shows the 2p core absorption spectra for
E||a measured by means of partial yield (upper curve) and
total yield with very high resolution (~30 meV at 100
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FIG. 1. (a) 2p core absorption spectra of black P for E|la
measured by means of partial yield (upper curve) and total yield
with very high resolution (lower curve; from Ref. 3). The spin-
orbit doublets labeled A-A4' and B-B' are due to the 2p core ex-
citons. (b) Second energy derivative of the total-yield spectrum
(from Ref. 3). The shoulder structure A4 is clearly resolved from
the structure B.
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eV; lower curve).® The second energy derivative of the
total-yield spectrum is also shown in Fig. 1(b). The
partial- and total-yield spectra agree well with each other
by taking the different resolution into account.*® In ad-
dition, one notices that the 2p core spectra show well-
defined sharp peaks at the core absorption threshold
separated by the spin-orbit-splitting energy of the initial
states (0.87 €V).? The spin-orbit doublets A- 4’ and B-B’
have been assigned to the 2p core excitons associated
with the quasi-two-dimensional conduction bands.® The
intrinsic full width at half maximum of the core-exciton
absorption lines 4 and B has been estimated to be 0.3 eV
from a line-shape fitting.

Figure 2 shows a series of valence-band spectra of
black P for E||a for #iw between 127 and 134 eV. The in-
tensities are normalized to the monochromator output
and the binding energy (E;) is referred to the valence-
band maximum. The valence-band spectra exhibit two
groups of structures. A group extending from E; =0 to 8
eV is predominantly derived from the 3p states with a
small contribution from the 3s states, while another
group of bands at E; =10.6 and ~ 15 eV is mainly due to
the 3s states. One notices that the intensity of the peak at
E;=10.6 eV is remarkably enhanced without changing its
peak position between ~129 and 130.6 eV. Above
#iwo=132 eV, an additional peak shows up on the higher-
binding-energy side of this peak. The new peak can be
assigned to a standard L, ; V'V Auger structure from its
energy shift against #iw.

Details of the resonant behavior in Fig. 2 can be best
studied in the form of CIS spectra. Such spectra for E||a
are presented for selected valence bands at E; =2.6 and
10.8 eV in Fig. 3. The correlation of the CIS spectra with
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FIG. 2. A series of valence-band photoemission spectra of
black P for E||a for #iw between 127 and 134 eV.
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FIG. 3. CIS spectra of black P for El|a recorded at E;=2.6
and 10.8 eV. Vertical lines 4-4’' and B-B’' represent the energy
positions of the 2p core-exciton absorption.

the 2p core-exciton excitation is apparent by a compar-
ison with the corresponding absorption spectra in Fig. 1.
The energies of the core-exciton absorption are marked
by vertical lines, 4-4' and B-B' in Fig. 3, for the con-
venience of discussions below.

The CIS spectrum at E; =10.8 eV exhibits intense and
sharp peaks at the same energies as those of the 2p core
excitons in the absorption spectrum in Fig. 1. In addi-
tion, these peaks are followed by a tail in the higher-
energy region. It is apparent that the intense and sharp
doublets A4-A’ and B-B’' are not due to the standard
L, ; V'V Auger transitions with a free conduction electron
in the intermediate state, but are strongly subjected to the
core-exciton effect, for the following reasons. The density
of states (DOS) of conduction bands has no sharp peak
structure around the lowest-energy region. This has been
partly verified from the comparison of the calculated
DOS (Ref. 9) with the 1s and 2s core absorption spectra,3
which reflect well the DOS of conduction bands. There-
fore, if the e-ch interaction were weak or negligible, the
intense and sharp doublets 4-A4’ and B-B’ would be ob-
served neither in the CIS spectrum nor in the absorption
spectrum. Instead, we would have only a broad structure
in the CIS spectrum due to the standard L, ; V'V Auger
transition following the photoexcitation of a free conduc-
tion electron and a 2p core hole, as pointed out by
Nakano and Kotani’ for the extreme case of vanishing e-
ch interaction. Such a standard L, ; ¥V Auger process
contributes to the tail in the high-energy region of the
CIS spectrum at E;=10.8 eV in Fig. 3. In the case of the
2p core absorption in black P, however, the e-ch coupling
is strong enough to produce sharp peaks in the absorp-
tion spectrum as shown in Fig. 1. Such a core-exciton
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effect necessarily appears in the intermediate state of the
Auger decay process at the core excitation threshold.
The Auger process under this circumstance is called the
core-exciton-induced resonant Auger process. The 2p core
electrons are excited into the core-exciton bands with
strong oscillator strengths at various % within the band-
width, dominated by the lifetime broadening due to the
Auger decay of the core-hole state. The Auger filling of
the core hole through the core-exciton L,;VV Auger
process results in a disappearance of the core exciton.
Then, we find one kinetic electron and one conduction
electron as well as two valence holes in the final state.
This type of core-exciton-induced resonant process,
which provides a corresponding photoemission structure
at a constant binding energy,>’ is a dominant source of
the two sharp doublet structures in the CIS spectrum at
E,=10.8 eV.

On the other hand, the CIS spectrum at E;=2.6 eV
shows only a weak doublet. Here, it should be noticed
that the peak energies of the weak doublet coincide
beyond the experimental uncertainty with those of the
A-A' core-exciton doublet. In addition, the spectral
shape is asymmetric with a weak dip on the low-energy
side of the peak 4.'° These features cannot be explained
by the contribution of the L, ; V'V Auger tail® to the CIS
structure because of the following reasons. First, if the
tail contribution were significant, a second doublet would
clearly appear at the position of the B-B’ doublet. Even
considering the statistics of the data points, no trace of
the resonance structure is found in those energy regions.
Second, the tail contribution is about 1 order of magni-
tude too weak to explain the experimental CIS struc-
ture.” The CIS spectrum, therefore, can be understood as
due to a Fano-type resonance, which originates from an
interference between the direct recombination process of
the 2p core excitons ( 4-A4') providing kinetic electrons
from the 3p valence bands and the direct excitation pro-
cess of the 3p valence electrons. The dominance of the
A-A’ doublet in the CIS spectrum reveals that the B-B’
excitons have more extended character than the 4- 4’ ex-
citons, since the direct recombination process is favored
by the localized character of the excitons.

Similar experiments were performed also for
configurations of E||c and of E parallel to the b-c crystal
plane with an angle of 45° between E and c (Ref. 6)
(E —45°). These CIS spectra at E;=10.8 eV exhibit two
spin-orbit doublets, 4-4’ and B-B’, at the same energies
as those in the spectrum for E|la. We found weak anisot-
ropy for E||a, E||c, and E —45° configurations as regards
the depth of the dip between the B and A4’ peaks. The
anisotropy is consistent with the results of the optical
spectra.” The CIS spectra at E;=2.6 eV, on the other
hand, exhibit no conspicuous anisotropy for the above-
mentioned three configurations, except for the slightly
different backgrounds.'' Regarding the splitting energy
of the spin-orbit doublet in the CIS spectra at E;=2.6
eV, the present value of 0.87 eV differs from that of 0.70
eV, which can be estimated from the previous spectrum
reported by Takahashi et al.® Taking the statistics into
account, the present CIS spectrum is considered to be
more accurate than the previous one. ®
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It is worthwhile to compare the results for black P
with those for GeS, GeSe, SnS, and SnSe single crystals
with black P structure.* The cation core (Ge 3d and Sn
4d) absorption spectra of GeS-SnSe show intense and
sharp core-exciton doublets at the core absorption
thresholds. The CIS spectra at the topmost p-valence-
band peaks, which correspond to that at E;=2.6 eV in
black P, exhibit pronounced Fano-type resonances at the
core absorption thresholds. The amount of the amplitude
is nearly equal to or more than 100% of the background
intensity. On the other hand, the M, 5(N,s)VV Auger
emission is very weak. In GeS-SnSe, the states near the
bottom of conduction bands are primarily derived from
cation p states, whereas the anion p electrons contribute
preferentially to the high-DOS features at the top of
valence bands. Transitions from cation d states to the
states near the bottom of conduction bands are thus
dipole-allowed intra-atomic transitions with strong oscil-
lator strengths. The following decay of core excitons via
the M, 5(N, s)VV Auger process has the character of an
interatomic Auger decay due to the strong anion p contri-
bution to the top part of the valence band with high
DOS. This accounts for the dominance of the direct
recombination channel for the decay of the cation-
derived core excitons.

On the same line of argument, the 2p core excitons in
black P are excited by the dipole-allowed intra-atomic
transitions with strong oscillator strengths. The follow-
ing decay of the 2p core hole via the core-exciton L, 3 V'V
Auger decay is an intra-atomic type as well takes place
with a fairly high probability, in contrast to the case of
the cation d core-derived excitons in GeS-SnSe. Accord-
ingly, the contribution of the core-exciton L, ; V'V Auger
process is very strong in black P relative to that of the
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direct recombination process. This is the reason why the
Fano-type resonance in black P is much weaker than that
in GeS-SnSe.

In conclusion, our high-resolution experiments have
provided information on the resonant photoemission in
black P, which could not be obtained from the experi-
ments by Takahashi et al.® due to their poor statistics
and insufficient resolution. The new results and interpre-
tation presented here should clarify and eliminate the ex-
isting controversy. We have confirmed (i) a strong core-
exciton-induced resonance with two final valence holes,
and (ii) a weak Fano-type resonance at the 2p core thresh-
old for three different configurations. The core-exciton-
induced resonance (i) is observed as intense doublets ( 4-
A’ and B-B’') in the CIS spectrum at E;=10.8 eV. Oc-
currence of the Fano-type resonance (ii) is confirmed by
the observation of a single doublet in the CIS spectrum at
E;=2.6 eV, whose peak energies do not agree with those
of the B-B’ doublet but coincide with those of the A4-A4’
doublet in the CIS spectrum at E;=10.8 eV. As con-
cerns the decay of the 2p core excitons, the contribution
of the core-exciton L, ; V'V Auger process is fairly strong
relative to that of the direct recombination process, main-
ly due to an intraatomic character of the Auger process
in black P.
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