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ABSTRACT: We demonstrate a photoexcitation-friction coupling in bilayered black 0.14

phosphorus, a two-dimensional semiconductor crystallized via van der Waals > 0.12+

interaction, using density functional theory and the Prandtl-Tomlinson model. £ 0104

Under an experimentally accessible electron—hole density of 5 X 10" cm™2 the £ "%

energy barrier for interlayer sliding can be reduced by 13% and the resultant reduction % z'ET

of critical force for stick—slip transition can be up to 4.7%. With the carrier density £ "™

being doubled, the frictional anisotropy can even be eliminated. Analysis based on & 2'33: i
Born—Oppenheimer approximation shows that photoexcitation-friction coupling can _0'02 ground state excited state

be universal for van der Waals crystals with interlayer electronic states responsive to 00 05 10 15 20 25 30 35

both photoexcitation and interlayer sliding.
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1. INTRODUCTION

Friction, a common mechanical phenomenon in daily life, can
resist relative sliding of moving bodies, dissipate kinetic
energies of mechanical systems, and wear materials in
contact.”” Although low friction is often desirable for reducing
energy loss and wear, high friction can be required as for
automobile tires and brakes, underscoring the importance of
friction control. Strategies used to modulate friction rely on
changing the physical or chemical properties of the interface.
This is often achieved by changing shape and roughness of
surfaces in contact or using lubricating 0il*™® Additionally,
modification of interfacial commensurability, surface chemical
functionalization, isotopic effects of phonons, and even electric
field-induced charge traps can be useful.”~"°

The interaction at an interface without chemical bonding is
determined jointly by electrostatic forces and van der Waals
(vdW) forces. Thus, modification of interfacial electronic states
would be a straightforward way to control friction. A question
then naturally arises: could photo illumination that can excite
electronic states in semiconductors from the highest occupied
molecular orbital (HOMO) into the lowest unoccupied
molecular orbital (LUMO) be used for friction control?
Few-layered vdW crystals offer a natural platform to answer
this question. On the one hand, vdW crystals such as graphite,
MoS,, and h-BN are crystallized by interlayer vdW
interactions''~'* and they have long been used as solid
lubricants.">™"” On the other hand, their ultrathin nature
allows the excited carriers to be concentrated at the interface.

In this work, we show by first-principles simulations and the
Prandtl-Tomlinson model that photoexcitation can modulate
the interlayer friction in bilayered black phosphorus. The
energy barrier of the periodic surface potential can be reduced
by 13% under an excited electron—hole (e—h) density of 5 X
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10" cm™ and resultantly the critical force for onset of the
interlayer slip can be reduced by 4.7%. With the e—h density
being doubled, the frictional anisotropy in bilayered black
phosphorus can be eliminated. The underlying mechanism for
the photoexcitation-friction coupling is understood from the
Born—Oppenheimer approximation.

2. COMPUTATIONAL DETAILS

To quantitatively investigate the coupling between photo-
excitation and interlayer friction in bilayered black phosphorus,
the periodic surface potentials were calculated using first-
principles simulations. The ground-state (GS) electronic
structure and energy were solved with the standard density
functional theory (DFT).'® To deal with the electronic
excitation stimulated by the linearly polarized light, the A-
self-consistent-field (ASCF) method formulated by Gorling
was applied."” Both calculations for ground and excited states
were performed with the ABINIT code,”’ usin% the optimized
norm-conserving Vanderbilt pseudopotential.”’ The general-
ized gradient approximation of the Perdew—Burke—Ernzerhof
functional was used for the exchange correlation potential.””
The Grimme’s DFT-D2 approach was applied for vdW energy
correction,” as its results for bulk black phosphorus are in
good agreement with quantum Monte Carlo simulations and
experimental results.”* In each sliding position, the atomic
structure was allowed to relax in the normal z direction but the
coordinates in the in-plane x, y directions were fixed. It should
be noted that the Bethe—Salpeter approach® would be more
sophisticated for simulation of optical excitation, but it is too
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expensive for this study. Nevertheless, the ASCF method has
faithfully reproduced the photostriction of BiFeO; observed in
experiments and it recently predicted a large photostriction
effect in two-dimensional group-IV monochalcogenide.***”

3. RESULTS AND DISCUSSION

The black phosphorus monolayer consists of puckered six-
membered rings arranged in tetragonal cells with adlacent
zigzag chains being pulled up and down alternately.”>” A
characteristic of phosphorus is that each P atom has a single
lone pair, which in conjunction with three P—P bonds forms
the sp® hybridization.”® Peculiar to the friction of bilayered
phosphorus is that the lone pairs are localized in the interlayer
region, thus influencing the surface potential. As shown by
DEFT calculations in Figure 1, the lone pairs contribute to both
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Figure 1. Illustration for the evolution of HOMO and LUMO energy
levels and charge distributions in bilayered black phosphorus at the
eclipsed stacking position (0,0) and staggered stacking position
(—=0.5,0). The solid and dotted lines stand for the total electron-ion
energies of the bilayer in the ground and excited states, respectively.
Eg and Ey denote the bandgap at the two sliding positions.

the HOMO and LUMO in bilayered black phosphorus.
Another feature of bilayered black phosphorus is its linear
dichroism: a sharp absorption peak in the visible region can be
stimulated by incident light polarized along the armchair
direction, but for light polarized along the zigzag direction, an
absorption peak appears at a higher energy level.’!
Importantly, the HOMO—-LUMO transition corresponding
to the sharp absorption peak appears regardless of the detailed
stacking mode, as illustrated in Figure 1 or reported in a
previous work.>”

Figure 2a shows the contour plot of surface potential for the
interlayer sliding of bilayered black phosphorus without photo
illumination. The surface potential has a tetragonal primitive
translational cell, in which four high-symmetric sliding
positions that have two mirror axes along the x and y
directions are labeled by the coordinates (0,0), (0,—0.5),
(-0.5,0), and (—0.5,—0.5) in unit of the basis vectors a, b (see
the stacking modes in Figure 2). The sliding positions (0,0)
and (—0.5,—0.5) are the hills of potential because of the
eclipsed stacking and resultant large interlayer exchange

repulsion. The position (—0.5,0) with a staggered stacking
manner is a global basin of potential. The staggered position
(0,—0.5) is a saddle point instead, whereas another local
minimum locates at the low-symmetric staggered position
(£0.202,0.5).

We assume that the excited e—h density in the sliding bilayer
black phosphorus was S X 10" cm™, a value experimentally
accessible for two-dimensional crystals.”> The photoexcitation
in the ASCF calculations is realized by exciting a fraction of
states from the HOMO into LUMO. Specifically, states at four
k-points around the Brillouin zone center out of a 9 X 12 mesh
are excited. Upon the photoexcitation, the hills and basins of
surface potential are not substantially shifted from the original
positions. However, the energy barriers are remarkably
modulated (Figure 2b). For example, the energy differences
between the excited and GSs are 33 and SS meV at (0,0) and
(—0.5,0), respectively, thus reducing the barrier height along
the path (—0.5,0)—(0,0) by 13.3%. When the e—h density is
doubled, the original saddle point (0,—0.5) turns to be a local
basin, being lower in energy than (+0.202,0.5).

The interlayer sliding in bilayered black phosphorus belongs
to the scope of atomic-scale friction, characterized by atomic-
scale stick—slip processes.34_36 As illustrated in Figure S1, an
atomistic layer is subjected to the surface potential of another
atomistic layer underneath and pulled by an elastic spring.
Within the one-dimensional Prandtl-Tomlinson model,*”**
the total potential energy of the mechanical system reads

V =E(d) + %k(d — D)?, where E is the surface potential and

k and D stand for the stiffness of the spring and the
displacement of the moving support connected with the spring,
respectively. When the spring is not sufficiently stretched, the
top layer can reside in a local minimum of total potential
energy and slid forward smoothly or it is said to be in the stick
regime. As the local minimum turns unstable during sliding,

the top layer will suddenly slip to another stable minimum.

The equation of force equilibrium F = 3—5 = k(d — D) then

can be used to derive the borderlines between the stick and slip
regimes.

For a macro center-of-mass motion of the top layer, the
micro sliding pathway usually follows one-dimensional MEPs
of the surface potential. Figure 2a—c shows the MEPs in the
ground and excited states searched with a string method.”
Two inequivalent MEPs are found for the GS: path I passing
through (—0.5,0), (—0.202,—0.5), (0.202,—0.5), and (0.5,—1)
and path II passing through (—0.5,0), (—0.202,—0.5), and
(—=0.5,—1). With an e—h density of S X 10" cm™ the
pathways are slightly disturbed. However, the potential energy
along the MEPs that determines the micro stick—slip processes
is significantly modulated by the photoexcitation (Figure 2d).
The height of the energy barrier between the local basins
(£0.202, 0.5) along path I is reduced from 29 to 2 meV and
the energy of the two hills along path II is also reduced. When
the e—h density is doubled, the pathways I and II become
equivalent, with the barrier between the local basins (+0.202,
0.5) being eliminated.

Figure 3a,b presents the numerical results for the interlayer
friction along paths I and II derived by a spring with a stiffness
of 0.5 meV/A*. Without photoexcitation, the lateral force
exhibits a typical sawtooth behavior. The force first increases
linearly and then drops suddenly, showing a stick—slip
transition within a single sliding periodicity. The forces for
the onset of slip along paths I and II are measured to be 0.129
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Figure 2. Surface potential for interlayer sliding in bilayered black phosphorus at (a) the GS, (b) the excited state with an e—h density of § x 10"
cm™* (EX), and (c) the excited state with an e—h density of 1 X 10" cm™ (EX’). The displacements are in unit of the basis vectors. The primitive
cell of the periodic surface potential is labeled by dotted black lines in (a). The circles and stars denote the minimum energy paths (MEPs) I and II,
respectively. Only one of the two equivalent MEPs is shown in (c). (d) Potential energies along the MEPs. The global minimums are set as the zero
energy. (e) Atomic structures of bilayered black phosphorus at the high-symmetric positions of the surface potential.
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Figure 3. Lateral force acting on the sliding layer as a function of the
displacement of moving support. The friction curves at the GS, EX,
and EX' states are plotted with the black, blue, and red colors,
respectively. The left (a,c,e) and right (b,d,f) panels correspond to the
frictions along paths I and II, respectively. For the EX' state, only the
results for path I are presented. From the top to bottom panels, the
stiffness of the pulling spring is 0.5, 1, and 2 meV/A* respectively.

and 0.123 nN, respectively. As the macro motion along the
zigzag direction can follow either path I or II but that along the
armchair direction can only follow path I, the different critical

forces suggest a frictional anisotropy, complying with the
recent experimental measurement using an atomic force
microscope (AFM).*

Under an e—h density of 5 X 10'* cm™, the critical forces
along paths I and II turn out to be 0.123 and 0.119 nN,
respectively. Compared with that in the GS, the photo-
excitation leads to a reduction of critical force by 4.7 and 3.3%.
With respect to energy dissipation, the work done by the
moving support along path I is reduced by 7.7%, owing to the
reduced force. However, the work along path II is increased by
4.0% because of the increased sliding distance. When the e—h
density is doubled, the critical force can be further reduced to
0.114 nN. Most astonishing is that the friction in the
anisotropic black phosphorus turns to be isotropic because
paths I and II become equivalent. Another point to be noted is
that the sliding layer no longer directly slips to the minimum in
the next periodicity. Instead, it first slips to a new minimum
within the original periodicity, which is easy to understand as
the highest hill of potential transforms to a local minimum
upon the photoexcitation.

To test the robustness of the observed effect, friction curves
under an elastic spring with different stiffness are shown in
Figure 3c—f. It is obvious that the photoexcitation-friction
coupling always exists regardless of the spring used. However,
the stick—slip behaviors can be influenced by the stiffness of
the spring. For the sliding in the dark along path I derived by a
spring with a stiffness of 0.5, 1.0, and 2.0 meV/A%, there is a
single-, double-, and triple-slip within a sliding periodicity,
respectively. As the stiffness is increased to 40 meV/A* (Figure
S2¢,d), the friction evolves into a continuous sliding without
the stick—slip process. The evolution of the stick—slip process
as a function of stiffness is also sensitive to photoexcitation.
With an e—h density of S X 10" cm™, the friction can change
from single-slip to double-slip and then to continuous sliding.
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The phase diagrams in Figure S3 show the stick—slip process
under different excitation conditions.

Compared with the well-known photostriction effect, the
photoexcitation-friction coupling in bilayered black phospho-
rus is in fact pronounced. Previously reported photo-induced
strain in bulk samples is within the range of 107> to 107%*
much smaller than the ratio of frictional force reduction here.
For the recently predicted large photostriction in the SnS
monolayer, the photo-induced strain can be up to ~—2.5 X
107 under an e—h density of 4 X 10'> cm™.*" Assuming a
liner scaling between photo-induced strain and carrier density,
the photo-induced strain is in the same order of magnitude as
the ratio of reduced frictional force. Although the modulation
of frictional force is less significant than that achieved by other
methods such as changing the layer number,"* the photo-
excitation-friction coupling exhibits unique advantages. First,
this effect can control friction without contacting the sliding
body with an agent such as AFM tip. Second, the modulation
of friction by photoexcitation is reversible. Third, none of the
previous methods can transform an anisotropic friction to be
isotropic.

The description of atomic-scale friction with the Prandtl—
Tomlinson model is based on the Born—Oppenheimer
approximation,” assuming that the relaxation of electrons is
much faster than the motion of ions and the evolution of
electronic states in turn contributes to the potential on ions.
Employing the Hellmann—Feynman theorem, the interlayer

lateral force can be derived as F = 3—5 = <%|Z—I;“I{i>, where

both the stationary many-body wave W, and the Schrédinger
Hamiltonian H are sliding-position-dependent. Within the
framework of DFT,* the change of force under photo-
excitation contains a term

OH

od

0H

od

AF = < Pumo ‘PLUMO> - < Hiomo Pomo >

~ d(eLumo = Exomo)

od

indicating that few-layered vdW crystals with a sliding position-
dependent bandgap would exhibit photoexcitation-tunable
frictional properties.

To verify the abovementioned mechanism, we plot the
interlayer distance and bandgap as a function of sliding
position (Figure 4a,b). The profile of the interlayer distance
complies with the surface potential, implying that the exchange
repulsion between interlayer electronic states determines the
potential. Meanwhile, Figure 4b shows that the variation trend
of the bandgap as a function of sliding position along the path
(0,0)—(0.5,0) complies with that of the energy difference
between the ground and excited states. It is then evident that,
as the total electron-ion energy is shifted upward upon
photoexcitation, AE also changes during sliding because of the
modified interactions between interfacial lone pairs, giving rise
to the photoexcitation-friction coupling. The influence of vdW
interaction can be excluded because the effect of electronic
excitation on the interlayer distance is negligible (Figure S4).

The Born—Oppenheimer approximation is valid for the
electron-ion systems in electronic GSs. Its application here for
the excited system can also be rationalized because we assume
a constant and steady e—h density. Without this assumption,
the photoexcitation-friction coupling could also be possible.
The lifetime of excitons of black phosphorus in room
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Figure 4. (a) Interlayer distance of bilayer black phosphorus in the
GS as a function of sliding position. (b) Energy difference between
the EX and GS states and the direct bandgap along the path (0,0)—
(0.5,0) shown by the red line in (a).

temperature was estimated to be ~249 ps,*’ being shorter
than a stick period (107 to 10 s) by orders of magnitude.*
Supposing that the friction is in the stick regime with a lateral
force lower than the critical force in the dark but is already
higher than that required for slip under photoexcitation, photo
illuminations will trigger a slip ahead of the usual slip point. In
fact, the previously predicted photostriction effect and the
funnel effect of excitons rely on the same approximation.””"’

4. CONCLUSIONS

In conclusion, we demonstrate a photoexcitation-friction
coupling in bilayered black phosphorus using first-principles
calculations and the Prandtl-Tomlinson model. This new
optomechanical coupling originates from the charge redis-
tribution modulated interlayer interaction and it can be applied
to control interlayer friction. According to the Born—
Oppenheimer approximation, this effect would be significant
in vdW crystals with interlayer electronic states simultaneously
sensitive to photo illumination and interlayer sliding. For
instance, this effect would be weak in bilayered MoS, in which
the direct bandgap is not sensitive to interlayer sliding***’ but
it could be strong in bilayered graphyne with stacking-
dependent electronic structures.’’ The revealed photoexcita-
tion-friction coupling is not only a novel method for friction
control but also crucial to functionality of vdW crystals as
cancgl}d%tge materials for future nanoelectromechanical devi-
ces.”
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