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We report on the energy- and momentum-resolved optical response of black phosphorus (BP) in its bulk
form. Along the armchair direction of the puckered layers, we find a highly dispersive mode that is strongly
suppressed in the perpendicular (zigzag) direction. This mode emerges out of the single-particle continuum
for finite values of momentum and is therefore interpreted as an exciton. We argue that this exciton, which
has already been predicted theoretically for phosphorene—the monolayer form of BP—can be detected by
conventional optical spectroscopy in the two-dimensional case and might pave the way for optoelectronic

applications of this emerging material.
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Among the different materials which are currently under
investigation in the “postgraphene” era, black phosphorus
(BP) in its monolayer form, phosphorene, is of particular
interest [1]. Because of its intrinsic band gap of about
0.3 eV in the bulk and much higher values for the
monolayer [2,3], devices built from BP show substantially
increased performance compared to pristine graphene in
terms of, e.g., on-off ratios [3,4].

In addition, very high mobility values (up to
10* em® V-!'s™!) have been predicted theoretically for
phosphorene [5]. Although experimentally confirmed mobil-
ity values are much lower [4], improvements in sample
preparation could result in potential transport applications.
What is particularly remarkable is a strong in-plane
anisotropy of the transport and optical properties [5—9] that
is, however, well known already for the bulk [10,11]. Even
more, it has been predicted that phosphorene allows for the
fabrication of fullerene- and nanotubelike aggregates [12]
with highly tunable electronic properties. Together with
the known tendency to undergo several structural phase
transitions under pressure—which eventually results in a
superconducting ground state with 7. = 10 K [13]—this
promotes BP to a versatile platform for possible applications.

While a thorough understanding of the charge response
is of utmost importance for all optical applications, there is
a surprising lack of corresponding data, in particular in the
near-infrared to visible regime.

Here, by employing electron energy-loss spectroscopy
(EELS) in transmission, we bridge this gap. We find
strongly anisotropic optical properties which are the result
of an excitonic state that is strongly polarized and—at least
in the bulk of BP—exists only away from the center of the
Brillouin zone (BZ).

EELS in transmission is a bulk-sensitive scattering
technique whose cross section is proportional to the
so-called loss function L(q,®) = Im[—1/e(q,w)], with
e(q,w) being the momentum- and energy-resolved
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dielectric function [14]. It has been successfully applied
to investigate collective charge modes in numerous con-
densed-matter systems (see Refs. [15,16] for an overview).
In particular, it has proven useful for the investigation of
excitonic states in organic semiconductors [17-19]. In
addition, it is possible to retrieve the complete dielectric
function ¢e(q,w) = €,(q, w) +ie;(q, w) via a Kramers-
Kronig analysis (KKA) of the measured data.

For the present experiments, thin films have been pre-
pared via exfoliation from a single crystal purchased from
2D Semiconductors Inc. [20]. The films (d ~ 100-200 nm)
were put on standard electon-microscopy grids and were
then transferred to the spectrometer, where they have been
aligned in situ with electron diffraction, showing the high
quality of our samples and allowing for polarization-
dependent investigations along well-defined directions
within the puckered layers of BP. Measuring thinner films
is complicated by the fact that, for very thin samples, the
cross section for inelastic scattering is strongly reduced.
The measurements were carried out using a purpose-
built transmission electron energy-loss spectrometer [21]
with a primary electron energy of 172 keV and energy
and momentum resolutions of AE =80 meV and

Ag = 0.035 A!, respectively, and at temperatures of
T ~?20 K to minimize thermal broadening. All of the
discussed features remain qualitatively equivalent at room
temperature.

First-principle calculations have been performed with the
FPLO package [22]. We employed the crystal structure given
in Ref. [23]—except for the in-plane lattice constants,
which we determined experimentally from electron dif-
fraction to be 4.363 A along the armchair and 3.206 A
along the zigzag direction, respectively. The total density
was converged on a grid of 12 x 12 x 12 irreducible k
points. The generalized gradient approximation for the
exchange correlation potential has been used as parame-
trized by Perdew, Burke, and Ernzerhof [24,25].

© 2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.115.026404
http://dx.doi.org/10.1103/PhysRevLett.115.026404
http://dx.doi.org/10.1103/PhysRevLett.115.026404
http://dx.doi.org/10.1103/PhysRevLett.115.026404

PRL 115, 026404 (2015)

PHYSICAL REVIEW LETTERS

week ending
10 JULY 2015

Intensity (a.u.)

| R
400 500 600 700
1— w w w w rx 1.5
[ |[—TX (armchair) (a)] (©)
0.9 .
'Y (zigzag) 17

0.8 1 s
E 0.7} 1 o < 05
< 0.6/, { 2 <
2 g 2
£ 0.4} - 1 5 w

0.3} i &

0.2 1

05 1 15 2 25

Energy (eV)

FIG. 1 (color online).
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(a) EELS intensity along the two high-symmetry directions within the puckered layers of BP. (b) Low-energy

polarization map showing the smooth angular dependence of the EELS intensity within the puckered layers of BP. (c) Calculated single-
particle band structure along I'X. Data in (a) and (b) have been measured with a fixed momentum transfer of ¢ = 0.1 A

Under ambient conditions BP in its bulk form adopts an
orthorhombic lattice with puckered layers spanned by the x
and y axes along which the atoms are arranged in armchair
and zigzag coordination, respectively. This symmetry
allows for two independent in-plane components of the
dielectric tensor €,,(q, ®).

From Fig. 1 it is clear that this translates directly to a
strongly anisotropic EELS response. Along the I'X (arm-
chair) direction, we find a low-energy mode that resides
at about E = 0.6 eV, slightly above the gap edge of
E; = 0.3 eV [26]. When changing the polarization direc-
tion from the I'X to the I'Y (zigzag) direction within the
puckered layers, this mode gradually shifts to lower energy
and loses strength, as can be seen in Fig. 1(b).

Considering a simple Lorentz picture for the observed
structure, it is important to note that a peak in the EELS
response occurs not at the energy w, of the electronic

transition, but at @ = 4 /a)% + wf,, where , is a measure of

the spectral weight acquired by this excitation [27]. It can
be shown that in the limit of ¢, — 1, where €, is the
background dielectric constant, L(®)~ ®,/®,, which
means that a concomitant lowering of the intensity and
energetic position of a transition observed in EELS can
only be reconciled by a diminished spectral weight ,,.
Consequently, we attribute the behavior of the measured
EELS intensity shown in Fig. 1 to an angular dependent
reduction of spectral weight when changing the polariza-
tion from I'X to I'Y.

Moving away from the center of the BZ, this low-energy
mode shows a strong momentum dependence [see
Fig. 2(a)] which hints at a highly dispersive and, therefore,
delocalized excitation. This is further corroborated by
Fig. 2(b), where we show the dispersion of this feature
as evaluated by tracking the steepest slope on the
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FIG. 2 (color online). (a) The momentum evolution of the measured EELS intensity for momentum transfers along the armchair
direction. (b) The dispersion of the low-energy feature as extracted from the low-energy edges of the measured intensities. The solid line
corresponds to a quadratic fit with the values: A = 2.67 eV A? and Ey = 0.44 eV, and the dashed line to the single-particle gap as
derived from the band-structure calculation shown in Fig. 1(c). The shading indicates the region where the exciton decays into unbound
particle-hole pairs. (c) The evolution of the exciton binding energy E% as a function of momentum transfer along the armchair direction.
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low-energy side. We emphasize that along the I'Y direction
there is no dispersion and that the spectrum remains largely
unaffected in the corresponding energy window when
increasing the momentum transfer. In addition, Fig. 2(b)
contains the size of the single-particle gap E2FT(g) =
Ecp(q) — Eyp(T), as derived from our density-functional
theory (DFT) calculations.

As can be seen, the feature under investigation shows a
bandwidth of more than 1 eV within the accessible
momentum window. More importantly, when fitted to a
quadratic function, its onset Ey = E(q = 0) = 0.44 eV lies
in close proximity to the single-particle gap. Note that we
cannot measure at lower g values because of the increasing
contribution of surface scattering for ¢ — 0 [21].
Comparing the band gap extracted from our DFT calcu-
lations to the measured EELS data, there is clear evidence
that the dispersion of the low-energy mode seen in EELS
lies below the single-particle gap at finite g, which is
suggestive of a collective state. Recently, the existence of
plasmons was discussed for phosphorene [28]. While
plasmonic excitations are, in principle, plausible candidates
for collective modes in the EELS response, the intrinsic
carrier concentration of our samples (~10'¢ cm™) yields a
plasma frequency in the meV range estimated with the
Drude model. Clearly, the mode we observe lies at much
higher energies, and we therefore exclude a plasmon as the
origin of the observed features. For semiconducting sys-
tems, excitons are other possible collective modes. This is
particularly the case for related layered systems like
transition-metal dichalcogenides where there is substantial
evidence of excitonic resonances [29,30]. While there has
been no report about excitonic absorption in the bulk of BP
in the past, in the following we argue that the mode under
investigation is indeed excitonic in nature, but it shows up
only for finite values of momentum transfer in a restricted
portion of the BZ, which has precluded its observation by
optical methods so far. The fit to our data shown in Fig. 2(b)
yields an effective exciton mass of M* = h?/2A ~ 1.4m,
with the free-electron mass m,. This is in reasonable

agreement with the value of M () =m;(IT)+
my(T') ~1.1m,, obtained within the effective-mass
approximation for the exciton from our DFT calculations.
As shown in Fig. 2(c), the binding energy defined as £ =
EPFT(g) — E(q) of this exciton has a well pronounced
maximum of about 0.1 eV for g, ~ 0.237/c. We empha-
size that as soon as EF* < 0 the exciton ceases to exist, as it
will become overdamped by single-particle excitations. As
the exciton binding energy E5(g) ~1/e(g) and e(q)
strongly decreases for finite g [31-33], the increase of
EX(q) for ¢ < gmax seen in Fig. 2(c) is a result of the less
effective screening of the Coulomb interaction for smaller
wavelengths. This effect is, however, overcompensated for
by the merging of the exciton dispersion with the single-
particle continuum which results in the decay of the exciton
into unbound electron-hole pairs, thereby producing an
increasing broadening of the spectral features for higher
momentum values.

In order to obtain the full optical response, the measured
EELS data have been corrected for contributions from the
quasielastic line and multiple scattering. Subsequently, the
signal was subject to a KKA and normalized to yield
€ (w = 0), in accordance with Ref. [34].

The resulting curves for the real and imaginary parts of
¢(w) are shown in Fig. 3. As already expected from the
plain EELS data shown in Fig. 1(a), along the armchair
direction there is a well pronounced mode right above the
band gap which is invisible for polarizations along the
zigzag direction. The high values of ¢; seen for small
momentum transfers in Fig. 3(a), which inevitably have to
decrease for ¢ > 0 [31-33], support our interpretation of an
increasing E* [see Fig. 2(c)] in terms of weaker screening,
at least for ¢ < ¢pax-

Strongly anisotropic optical properties have also been
predicted for phosphorene by ab initio calculations [2,5]. In
particular, it has been shown that phosphorene hosts an
excitonic state which is strongly delocalized along the
armchair direction but is confined to a small region along
the zigzag direction [2,35]. These calculations have
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FIG. 3 (color online).
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€; (a) and e, (b) along the two high-symmetry directions within the puckered layers of BP, as derived from a

KKA of the corresponding EELS data. The insets show the low-energy region.

026404-3



PRL 115, 026404 (2015)

PHYSICAL REVIEW LETTERS

week ending
10 JULY 2015

recently been confirmed by polarization-dependent photo-
luminescence data [36] on monolayer films and are con-
sistent with our interpretation given above for the
polarization dependence of the EELS signal in the bulk.
The large extension of the exciton along the armchair
direction produces a large dipole moment—and hence
spectral weight along this direction—yielding the peak
seen in Figs. 1(a) and 1(b). Conversely, changing the
polarization towards I'Y will progressively project out a
smaller dipole moment that lowers the intensity (and, in
EELS, also the energy) due to the small extension of the
exciton along the zigzag direction.

Lowering the dimensionality from the bulk to the two-
dimensional phosphorene will cause smaller interlayer
screening resulting in a larger value of the single-particle
gap [2,5], as well as an enhanced excitonic binding energy
due to the dependence of the dielectric function on the gap
size [31,32]. Recent theoretical approaches predict excitonic
binding energies of about 0.8 eV in monolayer phosphorene
[2,35]. Therefore, in phosphorene, the exciton might even-
tually be pushed out of the single-particle continuum
already at the I' point and might produce strong optical
absorption along the armchair direction. This emergence of
the exciton out of the continuum should then be observable
as a function of layer thickness by conventional optical
means. Indeed, recent photoluminescence data strongly
argue in favor of layer-dependent excitonic absorption [9].

From investigations on organic semiconductors, it is
well known that delocalized—i.e., strongly dispersing—
excitonic modes contribute significantly to the mobility
values via the exciton diffusion coefficient [37,38]. Our
data, therefore, may provide a route to reconcile the high
mobility values and their anisotropy predicted and reported
in transport measurements on phosphorene [4-9] with the
microscopic fate of the excitonic states in this monolayer
material.

In summary, we investigated the energy- and momen-
tum-dependent optical response in the bulk of black
phosphorus. We find strong anisotropies within the puck-
ered layers with the armchair direction showing much
stronger absorption in the infrared and visible part of the
spectrum. In addition, we identified an excitonic mode for
finite values of momentum transfer disperses with an
effective mass of about 1.4m,. This mode can be probed
in phosphorene by conventional optical spectroscopy and
might be interesting for future optoelectronic applications.

We highly appreciate the technical support from
R. Hiibel, S. Leger, and M. Naumann.

[1] H. O. H. Churchill and P. Jarillo-Herrero, Nat. Nanotechnol.
9, 330 (2014).

[2] V. Tran, R. Soklaski, Y. Liang, and L. Yang, Phys. Rev. B
89, 235319 (2014).

[3] S. Das, W. Zhang, M. Demarteau, A. Hoffmann, M. Dubey,
and A. Roelofs, Nano Lett. 14, 5733 (2014).

[4] L.Li, Y. Yu, G.J. Ye, Q. Ge, X. Ou, H. Wu, D. Feng, X. H.
Chen, and Y. Zhang, Nat. Nanotechnol. 9, 372 (2014).

[5] J. Qiao, X. Kong, Z.-X. Hu, F. Yang, and W. Ji, Nat.
Commun. 5, 4475 (2014).

[6] F. Xia, H. Wang, and Y. Jia, Nat. Commun. 5, 4458 (2014).

[7] H. Liu, A. T. Neal, Z. Zhu, Z. Luo, X. Xu, D. Tomanek, and
P.D. Ye, ACS Nano 8, 4033 (2014).

[8] Y. Cai, G. Zhang, and Y.-W. Zhang, Sci. Rep. 4, 6677
(2014).

[9] S. Zhang, J. Yang, R. Xu, F. Wang, W. Li, M. Ghufran,
Y.-W. Zhang, Z. Yu, G. Zhang, Q. Qin, and Y. Lu, ACS
Nano 8, 9590 (2014).

[10] S. Narita, Y. Akahama, Y. Tsukiyama, K. Muro, S. Mori,
S. Endo, M. Taniguchi, M. Seki, S. Suga, A. Mikuni,
and H. Kanzaki, Physica (Amsterdam) 117-118B+C, 422
(1983).

[11] Y. Maruyama, S. Suzuki, T. Osaki, H. Yamaguchi, S. Sakai,
K. Nagasato, and I. Shirotani, Bull. Chem. Soc. Jpn. 59,
1067 (1986).

[12] J. Guan, Z. Zhu, and D. Tomanek, Phys. Rev. Lett. 113,
226801 (2014).

[13] H. Kawamura, I. Shirotani, and K. Tachikawa, Solid State
Commun. 49, 879 (1984).

[14] K. Sturm, Z. Naturforsch., A: Phys. Sci. 48, 233 (1993).

[15] F. Roth, A. Konig, J. Fink, B. Biichner, and M. Knupfer, J.
Electron Spectrosc. Relat. Phenom. 195, 85 (2014).

[16] J. Fink, M. Knupfer, S. Atzkern, and M. S. Golden, J.
Electron Spectrosc. Relat. Phenom. 117-118, 287 (2001).

[17] R. Schuster, M. Knupfer, and H. Berger, Phys. Rev. Lett. 98,
037402 (2007).

[18] F. Roth, R. Schuster, A. Konig, M. Knupfer, and H. Berger,
J. Chem. Phys. 136, 204708 (2012).

[19] E. Roth, P. Cudazzo, B. Mahns, M. Gatti, J. Bauer, S.
Hampel, M. Nohr, H. Berger, M. Knupfer, and A. Rubio,
New J. Phys. 15, 125024 (2013).

[20] See http://www.2dsemiconductors.com/.

[21] J. Fink, Adv. Electron. Electron Phys. 75, 121 (1989).

[22] K. Koepernik and H. Eschrig, Phys. Rev. B 59, 1743 (1999).

[23] A.Brown and S. Rundqvist, Acta Crystallogr. 19, 684 (1965).

[24] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.
77, 3865 (1996).

[25] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.115.026404 for further
details concerning the calculations, in particular the influ-
ence of the experimental lattice parameters.

[26] Y. Akahama and H. Kawamura, Phys. Status Solidi B 223,
349 (2001).

[27] H. Kuzmany, Solid-State Spectroscopy (Springer, New
York, 2009).

[28] T. Low, R. Rolddn, H. Wang, F. Xia, P. Avouris, L. M.
Moreno, and F. Guinea, Phys. Rev. Lett. 113, 106802
(2014).

[29] M. M. Ugeda, A.J. Bradley, S.-F. Shi, F. H. da Jornada, Y.
Zhang, D.Y. Qiu, W. Ruan, S.-K. Mo, Z. Hussain, Z.-X.
Shen, F. Wang, S. G. Louie, and M. F. Crommie, Nat. Mater.
13, 1091 (2014).

[30] C. Habenicht, M. Knupfer, and B. Biichner, Phys. Rev. B
91, 245203 (2015).

[31] D.R. Penn, Phys. Rev. 128, 2093 (1962).

[32] Z.H. Levine and S. G. Louie, Phys. Rev. B 25, 6310 (1982).

[33] R. Resta, Phys. Rev. B 16, 2717 (1977).

026404-4


http://dx.doi.org/10.1038/nnano.2014.85
http://dx.doi.org/10.1038/nnano.2014.85
http://dx.doi.org/10.1103/PhysRevB.89.235319
http://dx.doi.org/10.1103/PhysRevB.89.235319
http://dx.doi.org/10.1021/nl5025535
http://dx.doi.org/10.1038/nnano.2014.35
http://dx.doi.org/10.1038/ncomms5475
http://dx.doi.org/10.1038/ncomms5475
http://dx.doi.org/10.1038/ncomms5458
http://dx.doi.org/10.1021/nn501226z
http://dx.doi.org/10.1038/srep06677
http://dx.doi.org/10.1038/srep06677
http://dx.doi.org/10.1021/nn503893j
http://dx.doi.org/10.1021/nn503893j
http://dx.doi.org/10.1016/0378-4363(83)90547-8
http://dx.doi.org/10.1016/0378-4363(83)90547-8
http://dx.doi.org/10.1246/bcsj.59.1067
http://dx.doi.org/10.1246/bcsj.59.1067
http://dx.doi.org/10.1103/PhysRevLett.113.226801
http://dx.doi.org/10.1103/PhysRevLett.113.226801
http://dx.doi.org/10.1016/0038-1098(84)90444-7
http://dx.doi.org/10.1016/0038-1098(84)90444-7
http://dx.doi.org/10.1515/zna-1993-1-244
http://dx.doi.org/10.1016/j.elspec.2014.05.007
http://dx.doi.org/10.1016/j.elspec.2014.05.007
http://dx.doi.org/10.1016/S0368-2048(01)00254-7
http://dx.doi.org/10.1016/S0368-2048(01)00254-7
http://dx.doi.org/10.1103/PhysRevLett.98.037402
http://dx.doi.org/10.1103/PhysRevLett.98.037402
http://dx.doi.org/10.1063/1.4723812
http://dx.doi.org/10.1088/1367-2630/15/12/125024
http://www.2dsemiconductors.com/
http://www.2dsemiconductors.com/
http://www.2dsemiconductors.com/
http://dx.doi.org/10.1016/S0065-2539(08)60947-6
http://dx.doi.org/10.1103/PhysRevB.59.1743
http://dx.doi.org/10.1107/S0365110X65004140
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.026404
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.026404
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.026404
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.026404
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.026404
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.026404
http://link.aps.org/supplemental/10.1103/PhysRevLett.115.026404
http://dx.doi.org/10.1002/1521-3951(200101)223:1%3C349::AID-PSSB349%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3951(200101)223:1%3C349::AID-PSSB349%3E3.0.CO;2-F
http://dx.doi.org/10.1103/PhysRevLett.113.106802
http://dx.doi.org/10.1103/PhysRevLett.113.106802
http://dx.doi.org/10.1038/nmat4061
http://dx.doi.org/10.1038/nmat4061
http://dx.doi.org/10.1103/PhysRevB.91.245203
http://dx.doi.org/10.1103/PhysRevB.91.245203
http://dx.doi.org/10.1103/PhysRev.128.2093
http://dx.doi.org/10.1103/PhysRevB.25.6310
http://dx.doi.org/10.1103/PhysRevB.16.2717

week ending

PRL 115, 026404 (2015) PHYSICAL REVIEW LETTERS 10 JULY 2015
[34] T. Nagahama, M. Kobayashi, Y. Akahama, S. Endo, and [37] Y. C. Cheng, R.J. Silbey, D. A. da Silva Filho, J. P. Calbert,
S.-i. Narita, J. Phys. Soc. Jpn. 54, 2096 (1985). J. Cornil, and J.L. Brédas, J. Chem. Phys. 118, 3764
[35] A.S.Rodin, A. Carvalho, and A. H. Castro Neto, Phys. Rev. (2003).
B 90, 075429 (2014). [38] H. Yamagata, J. Norton, E. Hontz, Y. Olivier, D. Beljonne,
[36] X. Wang, A. M. Jones, K. L. Seyler, V. Tran, Y. Jia, H. Zhao, J. L. Brédas, R.J. Silbey, and F. C. Spano, J. Chem. Phys.
H. Wang, L. Yang, X. Xu, and F. Xia, Nat. Nanotechnol. 10 134, 204703 (2011).
(2015) 517.

026404-5


http://dx.doi.org/10.1143/JPSJ.54.2096
http://dx.doi.org/10.1103/PhysRevB.90.075429
http://dx.doi.org/10.1103/PhysRevB.90.075429
http://dx.doi.org/10.1038/nnano.2015.71
http://dx.doi.org/10.1038/nnano.2015.71
http://dx.doi.org/10.1063/1.1539090
http://dx.doi.org/10.1063/1.1539090
http://dx.doi.org/10.1063/1.3590871
http://dx.doi.org/10.1063/1.3590871

