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The recent renaissance of black phosphorus (BP) as a two-dimensional (2D) layered material has
generated tremendous interest, but its unique structural characters underlying many of its outstanding
properties still need elucidation. Here we report Raman measurements that reveal an ultralow-frequency
collective compression mode (CCM) in BP, which is unprecedented among similar 2D layered materials.
This novel CCM indicates an unusually strong interlayer coupling, and this result is quantitatively
supported by a phonon frequency analysis and first-principles calculations. Moreover, the CCM and
another branch of low-frequency Raman modes shift sensitively with changing number of layers, allowing
an accurate determination of the thickness up to tens of atomic layers, which is considerably higher than
previously achieved by using high-frequency Raman modes. These findings offer fundamental insights
and practical tools for further exploration of BP as a highly promising new 2D semiconductor.
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Two-dimensional (2D) layered semiconductor black
phosphorus (BP) has received renewed interest recently.
Similar to graphene [1] and transition-metal dichalcoge-
nides (TMDs) [2], BP has a corrugated honeycomb lattice
[3] with strong intralayer covalent bonding and weak
interlayer van der Waals coupling [4], and it has an
orthorhombic crystal symmetry D,, with an interlayer
distance of ~5.3 A [5]. BP also possesses widely tunable
band gaps of 0.33-2.0 eV from its bulk to few-layer
forms [6]. Its room-temperature mobility can reach up to
~1000 cm? V~!'s~! with a high on-off ratio [7]. These
properties hold promising prospects for electronic and
optoelectronic applications [8,9], and many of them are
attributed to BP’s unique structural characters that still need
further exploration for fundamental understanding of this
novel 2D semiconductor [10].

Raman scattering is a versatile technique for investigat-
ing fundamental lattice dynamics, electronic and excitonic
properties of low-dimensional materials. For layered com-
pounds, there exist two basic modes reflecting relative
motions between neighboring layers, i.e., the compression
or breathing and shear modes. These modes offer essential
information about the interlayer coupling and has played
important roles in probing the lattice dynamics and elec-
tronic properties of few-layer graphene and TMD systems
[11-19]. The Raman frequencies shift with the flake
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thickness, thus allowing an accurate determination of the
layer number, and such shifts also measure the interlayer
electron hopping.

In this Letter, we report observation of novel Raman
modes with very low frequencies in multilayer BP. They
belong to two distinct branches of compression modes,
one with low frequencies that approach 100 cm~! with
an increasing layer number and the other with ultralow
frequencies that approach 10 cm~!. The low-frequency
(LF) mode exhibits a clear layer-number dependence
described by a linear-chain model. Surprisingly, the ultra-
low-frequency (ULF) mode scales with the layer number
in the limit of large interlayer coupling, suggesting an
unusually stronger interlayer coupling in multilayer BP.
Our phonon frequency analysis and first-principles calcu-
lations provide further evidence of strong interlayer cou-
pling in BP. These scaling results offer a sensitive and
robust method for an accurate determination of the layer
thickness of atomically thin BP films. The unexpectedly
strong interlayer coupling in BP imposes important con-
straints on the modeling and design of BP-based device
applications.

The BP flakes with various thicknesses were obtained
by mechanical exfoliation from bulk crystals synthesized
under high pressure. The freshly exfoliated flakes were
quickly transferred to a 300-nm-thick SiO, substrate on a
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Si wafer. The optical microscope and atom force micros-
copy (AFM) imaging were employed to determine the
thickness. Then the flakes were covered with a PMMA
protective film for Raman measurements, which were
performed with a Jobin Yvon HR80O0 single-grating-based
micro-Raman system equipped with a volume Bragg
grating low wave number suite, a liquid-nitrogen cooled
back-illuminated CCD detector, and a 633 nm laser (Melles
Griot). The laser was focused into a spot of ~5 ym in
diameter on the sample surface, with a power less than
100 yW. Each spectrum was measured more than three
times to check the consistency and any possible effect of
the flake size or homogeneity [20]. AFM imaging was
carried out with a Nanoscope Illa Dimension 3100 AFM
system (Digital Instruments). First-principles calculations
were carried out with the Vienna ab initio simulation
package (VASP) [27,28] with the use of the projector
augmented wave method [29,30]. The computational
details are given in the Supplemental Material [20].

To establish an accurate relation between the layer
number and phonon modes, five BP flakes with different
thicknesses were selected for Raman measurements and
simultaneous AFM imaging (Fig. 1), which directly gives
the thickness of each flake. In the Raman spectra for each
flake, two phonon branches, namely the LF and ULF
Raman modes, are observed, and they evolve differently
with increasing layer number: not only do they shift in
opposite directions as the layer number increases with the
LF mode moving to higher frequencies while the ULF
mode moving to lower frequencies, but more importantly
they follow a qualitatively different scaling behavior (see
below for a detailed analysis). Meanwhile, the widths of
these modes consistently become narrower with increasing
layer number.
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FIG. 1. (a) Two branches of Raman modes at low (100 cm™')

and ultralow (10 cm™") frequencies with changing layer number.
(b) An illustration of the layered BP structure. (c)—(g) The layer
thickness of the selected flakes is accurately characterized by
AFM imaging in each case.

The significant changes in both the frequency and width
of the LF and ULF Raman modes can serve as a clear and
accurate indicator of the layer number in the BP flakes. To
quantify this observation, we have fitted the layer-number
dependence of the mode frequencies according to a linear-
chain model (see details below). For a high-quality fitting,
we have made additional Raman measurements on a
large amount of BP flakes as shown in Fig. 2(a). The
smooth evolutions of both the frequencies and widths of
the observed modes allow accurate assignments for all
the obtained spectra. Their frequencies follow two well-
established fitting curves, thus allowing an accurate deter-
mination of the layer number [see Figs. 2(b) and 2(c)]. We
further checked the layer-number dependence of the high-
frequency (~470 cm™') Aﬁ mode and obtained consistent
results [20]. It should be noted that the maximum shift in
frequency for the A2 mode is limited to ~3 cm™" and the
mode frequency nearly stops changing in samples with
more than five layers [31]. By comparison, the maximum
frequency shift in our measurements is as large as 32 cm™!
for the ULF mode and 19 cm™! for the LF mode, and the
mode positions are still sensitive to the thickness change
even beyond several tens of layers. This observation
demonstrates that the ULF and LF Raman modes in BP
offer a highly effective method to determine the thickness
of atomically thin films over a wide range.

The LF and ULF modes, which are absent in both bulk
and monolayer cases, are assigned to interlayer modes,
as previously observed in h-BN, few-layer graphene, and
TMD materials [11-19]. But unlike honeycomb-based
TMDs and graphene, BP has an orthogonal lattice with
point group D,;, which only allows nondegenerate A,/B,
modes [20]. In other words, the E-symmetry shear modes
allowed in TMDs and graphene are symmetry forbidden in
few-layer BP [5,32,33]. First-principles calculations and
symmetry analysis further demonstrate that both the LF
and ULF branches observed in BP come from interlayer
compression motions [20].

We first examine the spectra of the ULF mode.
Surprisingly, the layer-number dependence of the ULF
branch shown in Fig. 2(c) clearly does not follow the

derived relation @ = wg+/[1 — cos(z/N)] or 1/N from the

standard linear-chain model. Instead, it scales as 1/ V/N.
This scaling behavior is still compatible with the linear-
chain model, but only in the limit of large interlayer
coupling. In other words, this unusual ULF mode indicates
that the interlayer coupling is strong enough to couple all
the layers together, resulting in an in-phase compression
motion of all the layers in the sample relative to the
substrate [34] [Fig. 2(e)]. It can be regarded as a collective
motion of a composite object with N times the mass per
unit area of one BP layer. A similar mode has been
observed in epitaxial KBr film on NaCl substrate [35].
The assignment of the collective compression mode is
also supported by polarization measurements. Symmetry
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(a) Raman spectra collected from few-layer to bulk BP samples. The blue layer number means that the corresponding flake

thickness is checked by AFM imaging; CCM and C¥ /CL denote the collective compression mode, the nth-order compression modes
from the higher (lower) branch with low (ultralow) frequencies, respectively. (b) Layer-number dependence of the Cf mode. The
corresponding vibration pattern is illustrated in (d). The data are extracted from the Raman spectra in (a), and those represented by solid
stars from those marked by blue layer numbers, which are confirmed by AFM imaging. The red solid curve is the linear-chain fitting.
(c) Layer-number dependence of the CCM mode. The corresponding vibration pattern is illustrated in (e). The data are obtained in the
same way as in (b). The red, blue, and green solid curves are the fittings by 1/+/N, 1/N, and the standard linear-chain model.
(f) Polarization measurements of the Raman modes. Both the intensities and frequencies are carefully monitored and calibrated by the
second-order silicon mode at 302 cm™'. The angle dependence of the integrated intensities of the observed modes is shown in (g).

analysis and first-principles calculations indicate that the
allowed compression modes have A symmetry, for which
one may in principle expect periodic modulations in
intensity by tuning the polarization angle [20]. For the
LF branch, the modulations follow the A-symmetry Raman
tensors, in agreement with the observations for the high-
frequency Raman modes and photoluminescence [36-38],
but for the ULF branch, there is only a weak anisotropy
[Figs. 2(f) and 2(g)]. This contrasting phenomenon stems
from the fact that the LF mode comes from the relative
vibration between the BP layers while the ULF mode
represents a rigid motion of the whole N layers relative
to the substrate. Therefore, the in-plane anisotropy of the
ULF mode is significantly weakened due to the smearing of
the relatively isotropic substrate, resulting in the observed
weak polarization dependence.

As shown in Fig. 2(b), the layer-number dependence
of the mode frequencies of the LF branch follows the
prediction of a standard linear-chain model, which gives
® = w4/ [l 4 cos(z/N)], where w is phonon frequency, N
layer number, and wy, a fitting parameter. The correspond-
ing atomic vibration pattern is illustrated in Fig. 2(d). The
linear-chain model gives [11] w, = (1/v2xc)\/a/u,
where @y = 71 cm™! is the frequency of the first-order

interlayer compression mode CH in the bilayer case
[Fig. 2(a)], ¢ the speed of light, y=1.42x10"2°kg-A the
mass per unit cell area. These results lead to an interlayer
force constant a = 1.27 x 10?° N/m?, which is in good
agreement with a recently calculated value [39]. It is noted
that this force constant is significantly larger than its
counterpart for MoS, and graphene [11,12], which sug-
gests a much stronger interlayer coupling in multilayer BP

TABLE I. Comparison of the interlayer coupling in BP, MoS,,
and graphene. Here a is the experimental interlayer force
constant, K. (Kiner) 1S the intralayer (interlayer) spring force
constant deduced from measured phonon frequencies, Ep is the
interlayer binding energy per unit area calculated using
three types of van der Waals corrections: (A) Optb88-vdW,
(B) DFT-D2, and (C) Optb86-vdW [20].

a Ep (meV/A?)
(1018 N/mg) Kimra/Kinter

A B (©
BP 127* 26 31 23 35
MoS, 29° 100 26 18 27
Graphene 12.8° - 26 21 26
*This work;
*Ref. [12];
‘Ref. [11]
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FIG. 3. (a) Calculated charge difference density profiles for
few-layer BP, MoS,, and graphene. The regions gaining (losing)
electrons are marked in (purple) blue. (b) Displacement patterns
and measured frequencies of comparable intra- and interlayer
compression modes in BP (left) and MoS, (right).

(see Table I). This is consistent with the results from the
ULF branch (see below). Following C3;3 = « - ¢, where ¢ is
the distance between neighboring layers, we obtain the
stretching modulus C33 ~ 67.3 GPa, which is very close to
the value 70.0 GPa measured by neutron scattering and the
calculated value 70.8 GPa [33,40].

Using the general layer-number dependence given by
the linear-chain model, wy = wo\/m, we
can make a comprehensive assignment for the observed
compression modes except for the CCM mode. These
assigned modes follow the fan diagrams (Fig. 4), similar to
the case in MoS, [13].

The strong interlayer coupling revealed by the 1/v/N
scaling behavior can be quantitatively estimated by a
phonon frequency analysis. The frequency ratio of inter-
and intralayer modes with comparable vibration patterns
offers a good measure of relative interlayer coupling, since
@? « K/m in a simplified spring model, where K is the
spring force constant. Based on the data for the intra- and
interlayer shear modes, the intralayer spring constant is
estimated to be 100 times larger than the interlayer one in
MoS, [41]. Using the intra- (A, ~ 40 cm~!) and interlayer
(A, ~408 cm~!) compression modes in MoS, [Fig. 3(b)],
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FIG. 4. Assignment of the observed compression modes by

fan diagram. The solid and dashed lines are produced by the

linear-chain model. The circles are the positions of the observed
compression modes in Fig. 2(a) except for the CCM.

a similar ratio was obtained [12,13]. Following this
established procedure, we have identified [Fig. 3(b)] the
Ci (71 em™', A,) mode as the corresponding interlayer
version of the high-frequency intralayer A, mode
(366 cm™'). We therefore obtain a ratio of ~26 between
the intra- and interlayer spring force constants in BP, which
is much smaller than that in MoS,.

We further made first-principles calculations to examine
the interlayer coupling. In Fig. 3(a), the charge difference
density profiles are shown for few-layer BP, MoS,, and
graphene. More significant charge redistributions can be
clearly seen in few-layer BP, which indicates stronger
overlapping of the interlayer orbitals. The calculated results
on the interlayer binding energy per unit area, Ep (Table I),
also quantitatively support that BP has the strongest
interlayer coupling. It has been suggested that the strong
interlayer coupling in BP stems from the electronic
hybridization of the lone electron pairs beyond the van
der Waals epitaxy [39].

In summary, we have successfully observed low-
frequency interlayer compression modes in BP films over
a wide range of thickness from a few layers to tens of
layers. The sensitive layer-number dependence of the
frequency shift of these modes enables an accurate deter-
mination of the number of atomic layers in multilayer BP.
A low-frequency branch of the interlayer modes can be
well described by a linear-chain model, which has been
used to describe few-layer MoS, and graphene. In addition,
we observed a novel ultralow-frequency collective com-
pression mode that scales with layer number N as 1/v/N,
which is a clear indication of an unusually strong interlayer
coupling. This surprising result, which is unprecedented in
similar 2D layered materials, is further supported by first-
principles calculations and a phonon frequency analysis.
The obtained ratio of ~26 for the intra- and interlayer force
constant in BP is a factor of 4 smaller than that in MoS,.
This strong interlayer coupling has significant implications
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for the understanding and modeling of the electronic and
mechanical properties crucial to applications of BP-based
nanodevices.
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