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Last year, we reported a perturbative theory of the Casimir-Lifshitz torque between planar biaxially anisotropic
materials in the retarded limit [Thiyam et al., Phys. Rev. Lett. 120, 131601 (2018)], which is applied here to study
the change in sign and magnitude of the torque with separation distance in biaxial black phosphorus having
excess charge carriers. The study is carried out both in vacuum and in a background fluid medium. The presence
of extra charge carriers and that of an intervening fluid medium are both found to promote enhancement of the
magnitude of the torque between identical slabs. The degree of enhancement of the magnitude of torque increases
not only with an increased carrier concentration but also with separation distance. In the nonidentical case when
different planes of anisotropic black phosphorus face each other, owing to the nonmonotonic characteristic of
the sign-reversal effect of the torque, the enhancement by carrier addition and intervening medium also becomes
nonmonotonic with distance. In the presence of a background medium, the nonmonotonic degree of enhancement
of the torque with distance is observed even between identical slabs.
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I. INTRODUCTION

The introduction of a pair of material slabs in vacuum
breaks its translational symmetry, giving rise to the Casimir
force between the slabs. Birefringence or anisotropy in the
material properties of the slabs further induces breaking of the
rotational symmetry of the vacuum, in which case a torque
appears between the slabs, tending to rotate and align their
principal optical axes [1]. Parsegian and Weiss presented an
analytical calculation of this torque in the nonretarded limit
between semi-infinite uniaxial bulk slabs interacting across an
anisotropic medium [2], while Barash derived the same in the
retarded limit but in an isotropic medium [3]. Last year [4],
we demonstrated, using a perturbative theory, that the retarded
Casimir torque between two biaxially polarizable material
slabs can exhibit a nontrivial reversal of sign as a function of
separation distance if the in-plane frequency-dependent polar-
izability components of one of the dielectric slabs intersect at
a certain frequency. In the uniaxial limit, this theory yields
the exact nonretarded result of Barash, while for the retarded
case, the results were found to match numerically for reason-
able values of the perturbative parameter [4]. Very recently,
Broer et al. reported an independent derivation via Maxwell’s
eigenmode approach, confirming Barash’s results [5].

Although the Casimir-Lifshitz torque was theoretically
predicted as early as 1961 [1], it was only in 2018 that
its existence was experimentally confirmed [6]. With this
accomplishment, further investigations of the magnitude and
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nature of the torque are indispensable for the ultimate goal
of feasible practical applications. The smallness of the mag-
nitude of torque has so far thwarted experimental progress.
The magnitude of the torque for a pair of disks, each of
cross-sectional area 1 um? at a separation distance of microm-
eter range, is consistently reported in the literature to be of
the order of 10~2° Nm for several uniaxial materials [7-9].
While this degree of sensitivity has now been established as
achievable by the precision experiment in Ref. [6], theoretical
efforts to augment the magnitude of torque from material
considerations [7,8] as well as techniques such as applica-
tion of an external magnetic field [10] had been underway.
Reference [11] predicted a Casimir torque between photonic
topological insulators tunable by an external magnetic field.
Reference [12] showed that an intervening dielectric medium,
contrary to the expectation that the medium would screen the
interaction, could instead enhance the magnitude of torque by
a factor of 2. More recently, Ref. [13] reported a giant Casimir
torque between rotated finite gratings that is several times
larger in magnitude than between the corresponding infinite
ones. Optical modulation of the Casimir force by varying the
density of charge carriers was demonstrated in Refs. [14,15].

In this work, we shall demonstrate an increase in the
magnitude of the Casimir-Lifshitz torque between a pair of
biaxial slabs as a result of carrier insertion as well as the
presence of an intervening medium between the two slabs.
We shall also show nontrivial changes in the sign of the
torque with separation distance [4] for these cases while
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elucidating why this particular effect fails to show up in the
experiment of Ref. [6]. We consider biaxially anisotropic bulk
black phosphorus (black P) as an illustration. This material
displays a unique puckered honeycomb structure rendering
a nonplanar feature to the layer. Its exhibition of in-plane
anisotropy of various material properties has been attributed
to this feature [16]. The layered bulk crystal is of the van
der Waals type but with a more sophisticated nature of in-
terlayer interaction [17] exhibiting varying band gap energies
inversely proportional to the number of layers [18-20]. More-
over, it has high carrier mobility [16,21-23], high reactiv-
ity [24-27], and high exciton binding energy [18,28], making
it a desirable material for potential device applications. We
explore the possibility of modifying the anisotropy through
the addition of free electrons (which can be achieved either
by dopants or by carrier injection) where the mobility of the
additional free carriers is governed by the dispersion of the
conduction band. In the following section, we briefly present
the perturbative method of Ref. [4] for computing the torque,
generalized to the case when the intervening medium is an
isotropic dielectric medium. In Sec. III, we describe the model
of carrier injection in bulk black P, for which the electronic
structure and the dielectric tensor were computed by density
functional theory (DFT). It should be noted that, while the
theory presented here can handle finite thicknesses of the
interacting slabs, we are considering only black P slabs of
infinite thicknesses. This is necessitated by the fact that the
procedure of carrier injection requires bulk structures. The
analysis of the torque with the resulting dielectric tensors is
presented in Sec. IV, and the effect of the presence of an
intervening medium is discussed in Sec. V. In Sec. VI, we
present a brief section on the enhancement, featuring cases
with large magnitudes of the torque, and we end with conclu-
sions in Sec. VII. We also provide an Appendix elaborating
the expressions for the reduced reflection coefficients of the
retarded interaction between biaxial planar materials of finite
thickness and another on the anisotropic structure of black P.

II. PERTURBATIVE FORMALISM FOR
CASIMIR-LIFSHITZ TORQUE

Let us consider two biaxial dielectric slabs, of thicknesses
d; and d,, as shown in Fig. 1, with principal axes of their
respective dielectric tensors along (@, vy, fi) and (f,, ¥,, 1),

ei(w) = el ()t + &) () V1V + & (w)nR, (la)
e2(w) = g5(w) Gty + &5 (w) Vo¥s + 5 (w) fifk,  (1b)

where we have chosen one of the principal axes of the
slabs to be along n. Further, we choose the slabs to be
parallel and their normals to be in the direction of #.
The distance between the inner surfaces of the slabs is a. The
intervening medium is assumed to be isotropic, characterized
by the frequency-dependent dielectric function &3(w). In what
follows, the frequency dependence is suppressed for brevity.

In the perturbative approach, following the theory devel-
oped in Refs. [29-31] for the perturbation in the shape of the
material slabs, we choose the decomposition of the dielectric
function of the biaxial material to be
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FIG. 1. Two biaxial dielectric slabs, of thicknesses d;, with di-
electric functions described by Eqs. (1), separated by distance a. The
orientation of the principal axes @; and ¥, of the first slab relative
to the principal axes of the second slab @i, and ¥, is illustrated on
the right. The third principal axis, f, for both the slabs is chosen
to be normal to the plane of the slabs. However, in this work, we
are considering only black P slabs of infinite thicknesses in order to
facilitate carrier addition.

with &; representing a uniaxial background with

gt 4+ ¢&’
gt =1L gll=gn 3)
2 l l

51“ is parallel to the direction normal to the surface. The degree
of anisotropy of each material is defined as

u v
& &
T au v’

8i+8i

Bi 4

which is the perturbation parameter in our theory. Thus, the
anisotropy leading to the biaxial nature of the material is then
completely captured inside

g — gV A
Ag; = < : 3 : ) (;0; — V;¥;). Q)
This particular choice renders
TrAe; =0 6)

and ensures that the first-order contribution in f§; is zero.
The leading-order contribution to the interaction energy per
unit area between the two biaxial slabs originates from the
second-order terms in the perturbation parameters, i.e., 8 12, /322,
and B;6,. We are particularly interested in the latter, which
depends on the angle 6 between the in-plane principal axes of
the two slabs and gives rise to a nonvanishing torque:

kgT sin 260 < o ~ o~
TO = B2 7 > 2/51/32/ kdk Tr(RiRy)e™ >,
m=0 0

(N
where kg is the Boltzmann constant and 7 is the tem-
perature. The prime on the summation denotes that the
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zero-frequency mode is taken with half-weight. We define
k3 = Jk* + {2e3/c?, where ¢, = 2wmkgT /hi is the imagi-
nary Matsubara frequency, @ = i¢. The reduced reflection
coefficients R; are defined in Appendix A.

III. CALCULATION OF THE DIELECTRIC TENSOR FOR
BLACK P WITH EXCESS OF FREE CARRIERS

We model bulk black P (space group Cmce, number
64) with the primitive cell comprising four P atoms with
the electronic configuration [Ne]:3s?p?; thus, n = 20 valence
electrons. The addition of excess charge carriers implies that
a fraction dn of an electron is introduced in each cell, and the
carrier concentration n, is dn/V, where V is the volume of
the primitive cell. We expect this method of carrier insertion
to be a reasonable assumption for low to moderate doping
of shallow donors or for carrier injection by weak applied
electric fields. For doping with shallow donors, the donor
electrons form a free-electron gas in the conduction band.
A proper choice of dopant elements will have a negligible
impact on the electronic structure of the host material [32].
For carrier injection, the electrons diffuse into the material
by the electric field and form an excess of free carriers.
Alternatively, or in combination, the free carriers can be
achieved by optical excitation from absorption of light. For
weak applied electric fields, the electronic structure of the host
material will not be greatly affected [33]. Here, we will not
consider alterations of the host material due to electric field
or dopants but explore how an electron gas in the conduction
band affects the dielectric functions and, subsequently, the
torque.

With the free electrons in the conduction band, a plasma
contribution to the response function appears in the sys-
tem [34,35]. We consider some values of the fraction dn
that give carrier concentration n, in the range of 1 x 10'°—
5 x 102 cm3, with the expectation that a concentration of
the order of 10%° cm™3 is the very upper region that can be
achieved with only a small impact on the host material [36].

We determine the dielectric tensors of phosphorous for
different carrier concentrations n, from electronic structure
calculations using VASP (Vienna Ab initio Simulation Pack-
age) [37-39]. The bulk P structure is relaxed with the optB88-
vdW functional [40,41] to treat the exchange-correlation part
of the layered configuration, with the cutoff energy for the
plane-wave basis set fixed at 600 eV. The resulting volume
of the unit cell is 80.1 A3. That yields fractions 0.001,
0.01, and 0.04 as some of the suitable choices of dn. The
resulting number of carriers n, injected per cubic centime-
ter and the corresponding plasma frequencies [35] along
the three principal directions are presented in Table 1. The
converged plasma frequencies are determined by calculating
the intraband transitions in the lowest conduction band using
the modified Becke-Johnson functional [42,43] with a cutoff
energy of 325 eV for the plane-wave basis set. To ensure con-
vergence, a large, automatic kK mesh of 50 x 50 x 54 is used
for the Brillouin zone summation with a Gaussian smearing
of 0.02 eV. From the plasma frequency the dielectric response
due to the free carriers is determined with the Drude model
assuming a damping constant of 0.2 eV [44]. In addition,
the dielectric response from the host, carrier-free material is

TABLE 1. The fraction dn of an electron added per unit cell, the
resulting concentration of extra carriers n, per cubic centimeter, and
the generated plasma frequencies along the three principal directions.

Plasma frequency (eV)
dn n. (cm™3) XX yy 2z
0.001 1.25 x 10" 0.11 0.28 0.31
0.01 1.25 x 10%° 0.42 0.70 0.91
0.04 4.99 x 10% 0.98 1.37 1.42

determined by calculating the optical interband transitions us-
ing the Heyd-Scuseria-Ernzerhof (HSE06) functional [45,46]
and a 8 x 8 x 10 k mesh. These data for black P without extra
charge carriers calculated using DFT are comparable to the
available low-frequency experimental data [47—49].

The computed dielectric tensors of the original bulk and
the carrier-added bulk P are shown in Fig. 2. ¢* and ¢’ are
the planar components that correspond to the principal axes
0 and ¥, respectively, while ¢* forms the normal component
perpendicular to the slab and corresponds to the principal
axis fi (see Appendix B for the structure of bulk black P and
determination of principal axes). The immediate effect seen as
aresult of carrier insertion is an increase of dielectric values at
lower Matsubara frequencies due to intraband transitions. As
the concentration n, of extra carriers increases, the range of
frequencies affected increases. Consequently, the intersection
of the planar dielectric components €* and €” occurs at higher
frequencies, denoted by ¢,,. The intersection of the £* and &*
components is an additional feature that is not observed in the
original carrier-free bulk P. As can be noted from Table I, the
plasma frequency along the principal z direction has relatively
higher values than in the x direction, resulting in higher
dielectric values along z, notably at lower frequencies. As a
result, the static value of the ¢° component becomes nearly
equal to that of &* component for n, = 1.25 x 10'> cm~3. For
higher carrier insertion, &* gradually overtakes and crosses the
&* component. The plasma frequency along z is also higher
than along y, and &° overtakes and intersects with & as well for
the case of n, = 1.25 x 10*° cm™3. The frequencies at which
the in-plane dielectric components intersect for the different
faces (XY, YZ, and XZ) are tabulated in Table II for the
computed dielectric tensors.

IV. CASIMIR-LIFSHITZ TORQUE

The rich characteristics of the carrier-excess dielectric
functions with several in-plane crossings enable a comparative
study of the magnitude as well as a detailed analysis of the
sign-reversal behavior of Casimir-Lifshitz torque as a function
of distance that we previously predicted in Ref. [4]. In this
work, we consider only black P slabs of infinite thicknesses
whose in-plane principal axes are at an angle 6 = w /4, which
corresponds to the maximum value of the torque.

A. Identical configuration

We first evaluate the torque between a pair of identi-
cal carrier-free black P slabs and between identical carrier-
excess black P slabs for each carrier concentration at room
temperature. The leading-order contribution to the torque,
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FIG. 2. The principal components &*, ¢, and ¢° of the dielectric tensors at room temperature of carrier-free black P and carrier-excess
black P with different concentrations of extra electrons n,. The Matsubara frequency ¢, of the bottom x axis and the Matsubara number m of
the top x axis correspond to each other. The dielectric values at m = 0 are placed on the y axis. ¢* and &” form the planar components, while
&% is the component normal to the face of the P slab. That is, &* is measured along the direction defined by a lattice constant of 3.34 A, &” is
measured along that defined by a lattice constant of 4.47 A, and &7 is along 10.74 A. See Appendix B for the structure of bulk black P.

as given by Eq. (7), for the four cases is plotted in Fig. 3.
It is observed that the higher the concentration of carriers
is, the larger the magnitude of the torque is. In Fig. 4, we
display plots of the ratio of the carrier-excess torque and the
carrier-free torque 7;(],2) With extra carriers corresponding to

1.25 x 10" cm~3, the magnitude of the torque is greater than
that of the original identical carrier-free bulk slab interaction
at all separations. The magnitude of the torque is even larger
for the case of n, = 1.25 x 10?° cm™3, which is twice as
strong as the torque between a pair of original P slabs beyond
~60 nm. For n, = 4.99 x 102 cm~2, it becomes more than
three times as large beyond ~55 nm. That is, while the
magnitude of the torque itself decreases with distance, the
degree of carrier enhancement increases with distance. This
seems to be a consequence of the fact that carrier addition
increases the dielectric values at lower Matsubara frequencies.
The results indicate that an enhancement of the magnitude of
the torque is attainable by means of carrier insertion.

TABLE II. The frequencies of intersection of the planar dielec-
tric components of the XY plane ¢y, the YZ plane ¢, and the XZ
plane ¢, in the original P bulk and the carrier-excess P dielectric
tensors (in rad/s).

He (Cmiz) é-xy {yz Cxz

0 3.89 x 101

1.25 x 10" 3.94 x 1073

1.25 x 10%° 4.13 x 10" 3.29 x 10 7.9 x 10™
4.99 x 10% 4.50 x 10" 1.03 x 105

B. Nonidentical configuration

Next, we consider the torque between nonidentical con-
figurations of the slabs. We pointed out earlier that an inter-
section of the planar components of the dielectric tensor of a
biaxial material when interacting with another biaxial material
with noncrossing planar components can render a reversal of
the sign of the torque between them [4]. The sign reversal is
possible when the second material also has a crossing of the
planar components but at a frequency significantly different
from that of the crossing of the first material. Below and above
this critical frequency at which g = 0, the contributions to

&

g

~

-

3\‘,

=]

i

X i

o ne =0 ]

= i --ne = 1.25 x 10"
23 e =1.25 x 102 ]

Ll —n, = 4.99 x 102°| |

20 30 40 50 60 70 80 90 100
a (nm)

FIG. 3. Torque per unit area as a function of separation distance

between identical P slabs and identical carrier-excess slabs in vac-

uum (XY-XY configuration). n, is in cm™3,
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FIG. 4. Ratio of the carrier-excess torque to the carrier-free
torque as a function of the separation distance in vacuum (XY-XY

configuration). #, is in cm ™.

the torque will be of opposite signs. The overall sign of the
torque at a fixed separation distance is then determined by the
summation of the contributions to torque from each frequency.
We will first consider the configuration when the XY plane
of one slab interacts with the YZ plane of the other slab.
That is, the face XY of the first slab and the face YZ of the
second slab are set parallel to each other and perpendicular
to the normal direction fi. In this configuration, the carrier-
inserted dielectric tensor with n, = 1.25 x 10 cm ™3 has a
crossing of the planar components on each face at frequencies
{yy and g, respectively. We observe a reversal of the sign
of torque twice with separation distance, corresponding to
each intersection, as shown in Fig. 5. For n, = 1.25 x 101
and 4.99 x 10%° cm—3, the sign of the torque changes once,
corresponding to the crossing ¢, on the XY face.

The magnitudes of torque in this configuration are quite
different from the case of identical slab interaction. At smaller
separations, the carrier-excess slabs with greater concentra-
tions of extra carriers start out with smaller magnitudes of
torque, but they change sign sooner and exhibit higher peaks

x 10 x 10

ne =0

8, ~n, = 1.25 x 102
k --me = 1.25 x 102
—n, = 4.99 x 1020

-2 ne =0
_ -ne = 1.25 x 10"
23 H ==ne = 1.25 x 10*°
_atf: —n, = 4.99 x 10%
20 40 60 80 800 1000 1200
a (nm) a (nm)

FIG. 5. The torque per unit area as a function of distance when
the XY plane of the first slab interacts with the YZ plane of the
second slab, shown here for the carrier-free and carrier-excess P
dielectric tensors. 7, is in cm™>. The two panels are for different
distance regimes.

100_ T T T T T T T T e
—n, = 1.25 x 10"?
20t “-m, = 1.25 x 10% l
. n, = 4.99 x 102°
N
= 60f 1
>* '
e A
@% 40' H T
= 2 i
P 3 "
& 200 S .
=~ H 20 40 60
\

20 10 20 30 40 50 60 70 80 90

a (nm)

FIG. 6. Ratio of the carrier-excess torque to the carrier-free
torque as a function of the separation distance in the XY-YZ con-

figuration in vacuum. n, is in cm™3.

on the positive side of the axis (see Fig. 5). An exception
is the case of n, = 1.25 x 10%° cm~3, displaying the largest
magnitude of the torque on the negative side and the least
magnitude on the positive side that gradually goes to zero
again to exhibit the second sign reversal. The magnitude
of the torque thus sensitively depends on the cancellation
between the positive and negative contributions arising from
the in-plane crossing of the dielectric tensors. The plot of the
ratios with respect to the carrier-free torque in this orientation
7;(2())(),_},2) is depicted in Fig. 6. Due to the sign-reversal
effect, the increase in the degree of enhancement with distance
that we observed earlier for the identical orientation (see
Fig. 4) is no longer seen here. The peaks in this figure do
not have any significance with regard to relative magnitudes
of the torque and correspond only to the distance at which the
carrier-free torque 7, (fz()Xy_YZ) tends to zero and changes sign.

In Fig. 7, we show the torque between the XY and XZ
planes. In this configuration also, each face has an intersection
of in-plane dielectric components at ¢y, and ¢, respectively,
for the carrier-excess dielectric tensors with n, = 1.25 x
10% and 4.99 x 10%° cm~3. However, we observe no double

10} & Ne = 0

o[- = 1.25 x 1010
--n. = 1.25 x 10%
—n, = 4.99 x 10%°

ne =20
---n, = 1.25 x 10
--n, = 1.25 x 10%
3 —ne = 4.99 x 102

20 40 60 0 200 400 600 800
a (nm) a (nm)

FIG. 7. Torque per unit area as a function of distance when the
XY plane of the first slab interacts with the XZ plane of the second
slab, shown here for the carrier-free and carrier-excess P dielectric

tensors. 7, is in cm™>.
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e * xn, = 4.99 x 1020, XY-XZ at 50 nm| |
1015 1016 1017
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FIG. 8. Spectral plot showing the contribution to the torque from
each Matsubara frequency 7, for the interaction between the XY
plane and XZ plane fixed at a separation distance of 50 nm. The

values at m = 0 are placed on the y axis. n, is in cm 2.

reversal of sign. Moreover, the change in sign corresponding
to the ¢, crossing seen for n, =0 and 1.25 x 10! ¢cm™?
is suppressed in the case of n, = 1.25 x 10*° and 4.99 x
10%° cm—3. As displayed in Fig. 7, the curves for n, = 1.25 x
10 cm~ and 4.99 x 10* ¢m~3 do show nonmonotonic
features with extrema, but the negative contributions to the
torque dominate and curb the sign reversal. This emphasizes
that the property of in-plane crossing of dielectric components
is a necessary but not sufficient prerequisite for the prediction
of sign reversal. A detailed computation of the contributions
from each Matsubara frequency mode is always required. This
also explains why the sign reversal with distance did not show
up in the experimental measurement of the torque between
calcite (CaCOs) and a liquid crystal (5CB) in Ref. [6]. The
crossing of the in-plane frequencies of CaCOs occurs too
early, and the contribution to the torque before the crossing is
not sufficient to dominate the contribution to the torque after
the crossing. Hence, the overall torque will bear the sign of
the dominating side throughout and will not change sign with
distance. For a suitable choice of a pair of materials, it is our
expectation that the sign reversal will appear in experiments.
The spectral plot in Fig. 8 of each frequency mode contri-
bution 7, illustrates why we observe no sign reversal in the
expected cases of n, = 1.25 x 10%° and 4.99 x 10 cm™3.
Figure 8 indicates that the contribution from each Matsubara
frequency is important. At a separation of 50 nm, for instance,
the area under the positive curves remains smaller than the
area under the negative curves, and the torque stays negative.
In this regard, the plot of the perturbative parameter 8 as
given by Eq. (4) may throw a little insight on the expectation
of sign reversal. 8 for the different faces of the original and
the carrier-excess P is displayed in Fig. 9. Where there is
no crossing of the planar dielectric components on either of
the two interacting faces, the product of the S parameters
for the two faces retains the same sign throughout the whole
frequency regime, and a sign reversal is not predicted. Where
there is a crossing of the planar components, the product of
the B parameters possesses opposite signs above and below
the critical crossing frequency. The contribution from the k&
integral is always positive. The sign of 8,8, coupled with

0.2f === ==nnn. N

0.1

B

3

ne. = 1.25 x 10" cm

0.1 RSN RSN .

ne =4.99 x 10* cm?

o =1.25%x10* cm~*

16 17 15

10 10 10 10”7

G (rad/s)

10"

?(m (rad/s)

FIG. 9. Plot of the perturbative parameter 8 as given by Eq. (4)
for the XY, YZ, and XZ planes of the carrier-free bulk P dielectric
tensor and the different carrier-excess dielectric tensors. The values
at m = 0 are placed on the y axis.

the contributions from the k integral and summed over all
frequencies will finally determine the overall sign of the
torque, as given by Eq. (7).

A plot of the torque for the remaining configuration when
the YZ plane faces the XZ plane is shown in Fig. 10. In
this case, the sign reversal occurs for n, = 4.99 x 102 ¢cm—3
but not for the other investigated concentrations. The striking
feature of this configuration lies in the magnitude of the
torque, which is almost an order larger than for the rest of
the configurations.

The quantitative results presented here are, however, sub-
ject to limitations of the modeling of carrier injection by DFT
and the subsequent dielectric tensors. They are also subject to
how well the perturbative theory estimates the torque in the
leading order. In this regard, we compare the leading-order
torque in the uniaxial limit with the exact uniaxial result of
Barash [3] shown for one case (XY-YZ) in Fig. 11. For this
purpose, we set the dielectric component in the normal direc-
tion fi equal to one of the in-plane dielectric components, £ =
€’, in black P. Figure 11 illustrates the excellent agreement
between the two theories for black P, with the relative error

x10" x 107
0
=
= -5
=
[ 1
3 ne=~0 10 n,=20
25 -n, = 1.25 x 101 P, = 1.25 x 1019
~=n, = 1.25 x 10% Pl ene = 1.25 x 102
-3 —n, =499 x 10°|1 _y5| |} { |[—n.=4.99 x 10
20 40 60 80 100 200 400 600 800
a (nm) a (nm)

FIG. 10. Torque per unit area as a function of distance when the
YZ plane of the first slab interacts with the XZ plane of the second
slab, shown here for the carrier-free and carrier-excess P dielectric
tensors.
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FIG. 11. Comparison of the leading-order torque in the uniaxial
limit (setting &" = ¢") and Barash’s exact result in the XY-YZ
orientation of black P with n, = 1.25 x 10%° cm~3. The inset shows
the relative percentage error.

remaining mostly below 2%. Since we consider the XY-YZ
orientation, the relative error tends to grow near the separation
distance where the torque changes sign, which is expected as
the denominator tends to zero. The agreement turns out to
be equally good for the other orientations. Thus, the leading-
order contribution to the torque is dominant and results in
faster computation than the exact calculation. For example,
on a laptop using Mathematica, the perturbative calculation
runs more than 50 times faster than the corresponding exact
calculation.

The distance at which the sign changes could be roughly
estimated as aceq = ¢/2¢., where ¢, = {,y or {,. or ¢, [50].
The theoretical distance a. y, obtained from our perturbative
calculations and the estimated distance a. . at which the sign
change occurs are compared in Table III. This is a simple order
of magnitude estimation based on the crossing frequency of
the planar dielectric components, and as seen from Table III,
it works qualitatively for the anisotropically polarizable mate-
rials as well. Note again from Table III that the sign reversal
does not always show up where it is expected.

V. EFFECT OF AN INTERVENING MEDIUM

The effect of an intervening isotropic medium on the
torque between a pair of interacting slabs is also considered

TABLE III. The estimated distance a. s (nm) and the theoretical
distance a4, (nm) at which the torque reverses sign corresponding
to each crossing frequency in the three configurations of interaction
between different faces of black P.

XY-YZ XY-X7 YZ-X7

ne (Cm73) e est Aecth e est Ac th e est A th
0 38.5 22 38.5 36
1.25 x 10" 38.1 21 38.1 36
1.25 x 10% 36.3 23 36.3 4559

4559 1000 189.9 189.9
4.99 x 102 333 16 333 146 301

146

vacuum
—methanol E
--chlorobenzene
---bromobenzene

20 30 40 50 60 70 80 90
a (nm)

100

FIG. 12. Torque per unit area as a function of separation distance
between original identical P slabs (XY-XY orientation, n, = 0) in
various intervening isotropic media.

in this study. Usually, an intervening medium reduces the
normal attractive interaction between materials. However, the
torque between two anisotropic materials is shown here to
increase, as was also observed in Ref. [12]. For the purpose
of illustration, we consider methanol, chlorobenzene, and
bromobenzene as the background intervening media. The
dielectric functions of the media under consideration here are
obtained from Ref. [51]. Figure 12 compares the torque per
unit area between identical carrier-free P slabs in vacuum and
in medium. Enhancement is observed for all the media and at
all separation distances. The strength of enhancement, how-
ever, does not reach a factor of 2. The plot of the ratios of the
torque in the media with respect to that in vacuum is shown in
Fig. 13. An interesting result noted here is the nonmonotonous
degree of enhancement with respect to distance even in the
identical configuration of the interacting slabs without any
excess charge carriers. An intervening liquid will give rise
to capillary adhesion and hydrodynamic forces. These are,
under the usual circumstances, directed normal to the plates
and will thus not interfere with the calculated torques. High-
index intervening liquids have been studied extensively in a
repulsive Casimir context [51].

1.45 T T T T T T T T
1.4t I 1
135} - ]
b _____
= —methanol
= 1.3 |---chlorobenzene |
--bromobenzene
125 \/\
L2 . . . . . . ]

20 30 40 50 60 70 80 90
a (nm)

100

FIG. 13. Ratio of the carrier-free torque in medium to the carrier-
free torque in vacuum as a function of the separation distance for the
XY-XY -orientated slabs.
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FIG. 14. Comparison of the torque at different configurations in
the presence and absence of the medium.

In Fig. 14, we compare magnitudes at different orientations
of the carrier-free as well as carrier-excess P slabs in the
presence and the absence of the medium. A medium induces
enhancement in most cases. However, at certain orientations
such as XY-XZ, the medium instead acts to induce faster
reversal of the sign of the torque without enhancement. It
is interesting that the original bulk P slabs at the orientation
YZ-XZ without any extra carriers turn out to be the most
effective for torque enhancement when a medium is involved.
At the same orientation, the addition of extra carriers of n, =
1.25 x 10" cm~3 to black P results in a slight reduction of the
torque magnitude in bromobenzene (compare the bottom left
and top right panels of Fig. 14). This may, in fact, be a favor-
able feature in view of experimental tests since involvement
of both carrier injection and an intervening medium may lead
to complications. However, this is not a general result, as we
see below.

VI. ENHANCEMENT

Finally, the cases with the greatest degrees of enhancement
are collected in this section and compared with the identical
vacuum case. The ratios of the torque for these select cases
involving both a medium and excess charge carriers to the
torque between identical carrier-free P slabs (XY-XY) in
vacuum, 7: (2), are shown in Fig. 15 as a function of separation
distance. At the YZ-XZ orientation of the planes of the inter-
acting P slabs in the background medium of bromobenzene,
we observe the occurrence of more than an order of magnitude
enhancement of torque compared with the identical (XY -XY)
vacuum case in the absence of extra carriers (see the blue
solid curve in Fig. 15). As stated earlier, the addition of extra
carriers raises the degree of increase of torque with separation
in vacuum in the identical XY-XY orientation (see the red
dash-dotted curve). The increase in torque is further enhanced
in the presence of bromobenzene as an intervening medium
(see the green dashed curve). This is in contrast to what
we observed in Fig. 14 for the YZ-XZ configuration. The
nonmonotonic degree of enhancement that we observed in

15F .

s, 0, YZ-XZ, bromob 1
=T —n. =0, - , bromobenzene
t = n, = 4.99 x 10® cm™3, XY-XY, bromobenzene T
T:\ —n, =4.99 x 102 cm~3, XY-XY, vacuum

S S

O 1 1 1 1

20 40 60 80 100

FIG. 15. A collection of cases with relatively larger magnitudes
of torque. They involve a combination of carrier-excess dielectric
functions, different configurations, and intervening medium. The
different configurations are compared with the identical (XY-XY),
carrier-free P slabs in vacuum.

Fig. 13 in the identical orientation in the presence of a medium
no longer prevails, and the effect of excess charge carriers
dominates. With the change in orientation of the slab shown
here for YZ-XZ, nonmonotonicity appears in the ratio with
distance. This is caused by the tendency in this orientation
towards sign reversal. Figure 15 highlights the possibilities
of torque enhancement with suitable choices of interacting
materials and intervening media.

VII. CONCLUSIONS

In this work, we presented an investigation of the sign-
reversal behavior of the Casimir-Lifshitz torque with sep-
aration distance using biaxially polarizable black P whose
frequency-dependent dielectric tensor components are en-
hanced by introducing extra charge carriers. It was observed
that the reversal of the sign of the torque with separation
distance does not always occur when the prerequisite of a
crossing of the in-plane dielectric components of one of the
interacting slabs is satisfied. The calculation needs to be per-
formed to ascertain the prediction of sign reversal. However, a
sign reversal with distance can take place only when the said
prerequisite is satisfied. It is our expectation that, for a suitable
choice of a pair of dielectric materials, the effect will emerge
in future experimental endeavors. The presence of the extra
carriers results in an enhancement of the magnitude of the
torque between identical slabs. Between nonidentical slabs,
the sign-reversal effect acts to either increase or decrease
the magnitude nonmonotonically with separation. We further
investigated the influence on the torque by an intervening
dielectric medium between the two slabs and found that a
medium enhances rather than dampens the interaction for
identical slabs.

Although subject to the limitation of the modeling and
computation, the enhancement in the magnitude of the torque
predicted was considerable. The numerical computation of the
torque using our perturbative formalism proved to be several
times faster than numerical computations of Barash’s exact
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result [3], rendering possible comprehensive analyses of the APPENDIX A: REDUCED REFLECTION COEFFICIENTS
torque for several different cases. IN THE PRESENCE OF AN INTERVENING ISOTROPIC
MEDIUM
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1 eif H 1 k3L ( E __ _G )
INI- _ | AF (ks+k)? AEAH (k3+kH ) (k3 +=E) \cE+icl! Kf—x (A1)
L 1 2m Cnicf! ( FE_ G ) 1 k3gaei CE ’
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The TE and TM modes do not separate in the case of the interaction between anisotropic materials. Thus,

o~ 2-H-H 1 K
Tr(R|R,) = i) _K3K21 o) — C{'IC;I +—— 3(§ )(§ )2 F zE
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where AF = (1 — R%Rg e~23%) and Af = (1 — R%R% e~23%) The reflection coefficient for the TM mode for an in-plane

isotropic uniaxial dielectric slab is

~H —2«!d; -H _ -H

- @ (1 —e ) g K Kj

S T T i s YT A A (A3)
1—(otl.j) e~ 2k di K"+ k;

The TE mode R,Hj is obtained by replacing H — E in the reflection coefficient for the magnetic mode in Eq. (A3). Here, we have
used the shorthand notations

el 2 N 2

271 m 2

k= + =38 K+ S (A4)
€ c

1

where &/f = k¥ /e and kF = «F. For the isotropic intervening medium k% =« = k3 = \/k? + %83, and &' = k3/¢;. Note
the modification of the expressions by the dielectric function &3 of the medium compared to the vacuum case presented in the
Supplemental Material of Ref. [4]. We have suppressed the explicit frequency dependence in &t and Sl”. The coefficients CZH £,
F;, and G; are given by

o {(1 o2k d)[1+(& )26,—2« d]:F4axdee X d} U0

‘ L (A5a)
| [~ @ e
(1 (1 gt )
" [1 - (aF)’e > ][1 - (ai )QefZK,»Hdi] L (A5b)
~E —K-Edi _ gH —«ld; —«Ed; _ ,—xld,
= (@ alle=d)(e e ) 4 o .
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Here, X = H, E, and the negative and positive signs (F) in the numerator of Eq. (A5a) correspond to H and E, respectively.

(

APPENDIX B: STRUCTURE OF BLACK PHOSPHORUS directions, while the z direction corresponds to the perpendic-

We show in Fig. 16 the layered structure of black P, In  ular direction along the layers. Note, however, that the optical
our convention, we define the planar layer by the x and y  calculationitself is carried out with the bulk primitive unit cell
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FIG. 16. Structure of black phosphorus indicating the convention
of directions followed in this paper.

whose three geometrical symmetry axes are not orthogonal
to each other. The principal directions are determined by
comparing them with the orthogonal, conventional unit cell
of bulk black P consisting of eight atoms. Consequently, x is
along the direction defined by a lattice parameter of 3.34 A,
the so-called zigzag direction in the literature. y is along the
direction spanned by a lattice constant of 4.47 A, also known
as the armchair direction, and z is perpendicular to the layers
defined by a lattice parameter of 10.74 A. For details of
the comparison of the bulk primitive and conventional unit
cells that correspond to the optical calculations performed in
this work and further comparison with experimental data, see
Ref. [52].

[1] 1. E. Dzyaloshinskii, E. M. Lifshitz, and L. P. Pitaevskii, Gen-
eral theory of van der Waals’ forces, Sov. Phys. Usp. 4, 153
(1961).

[2] V. A. Parsegian and G. H. Weiss, Dielectric anisotropy and the
van der Waals interaction between bulk media, J. Adhes. 3, 259
(1972).

[3] Y. S. Barash, Moment of van der Waals forces between
anisotropic bodies, Radiophys. Quantum Electron. 21, 1138
(1978).

[4] P. Thiyam, P. Parashar, K. V. Shajesh, O. 1. Malyi, M. Bostrom,
K. A. Milton, 1. Brevik, and C. Persson, Distance-Dependent
Sign Reversal in the Casimir-Lifshitz Torque, Phys. Rev. Lett.
120, 131601 (2018).

[5] W. Broer, J. Y. H. Liow, and B.-S. Lu, Maxwell eigenmode
approach to the Casimir-Lifshitz torque, Phys. Rev. A 100,
012514 (2019).

[6] D. A. T. Somers, J. L. Garrett, K. J. Palm, and J. M. Munday,
Measurement of the Casimir torque, Nature (London) 564, 386
(2018).

[71 J. N. Munday, D. lannuzzi, Y. Barash, and F. Capasso,
Torque on birefringent plates induced by quantum fluctuations,
Phys. Rev. A 71, 042102 (2005).

[8] D. Iannuzzi, M. Lisante, J. N. Munday, and F. Capasso, Quan-
tum fluctuations in the presence of thin metallic films and
anisotropic materials, J. Phys. A 39, 6445 (20006).

[9] F. Capasso, J. N. Munday, D. lannuzzi, and H. B. Chan,
Casimir forces and quantum electrodynamical torques: Physics
and nanomechanics, IEEE J. Sel. Top. Quantum Electron. 13,
400 (2007).

[10] R. Esquivel-Sirvent, G. H. Cocoletzi, and M. Palomino-
Ovando, van der Waals torque induced by external magnetic
fields, J. Appl. Phys. 108, 114101 (2010).

[11] F. Lindel, G. W. Hanson, M. Antezza, and S. Y. Buhmann, In-
ducing and controlling rotation on small objects using photonic
topological materials, Phys. Rev. B 98, 144101 (2018).

[12] D. A. T. Somers and J. N. Munday, Casimir-Lifshitz Torque
Enhancement by Retardation and Intervening Dielectrics,
Phys. Rev. Lett. 119, 183001 (2017).

[13] M. Antezza, H. B. Chan, B. Guizal, V. N. Marachevsky, R.
Messina, and M. Wang, Giant Casimir torque between rotated
gratings and the 6 = 0 anomaly, arXiv:1904.00961 [Phys. Rev.
Lett. (to be published)].

[14] F. Chen, G. L. Klimchitskaya, V. M. Mostepanenko, and U.
Mohideen, Demonstration of the Difference in the Casimir
Force for Samples with Different Charge-Carrier Densities,
Phys. Rev. Lett. 97, 170402 (2006).

[15] F. Chen, G. L. Klimchitskaya, V. M. Mostepanenko, and U.
Mohideen, Demonstration of optically modulated dispersion
forces, Opt. Express 15, 4823 (2007).

[16] H. Liu, A. T. Neal, Z. Zhu, Z. Luo, X. Xu, D. Tomanek, and
P. D. Ye, Phosphorene: An unexplored 2D semiconductor with
a high hole mobility, ACS Nano 8, 4033 (2014).

[17] L. Shulenburger, A. D. Baczewski, Z. Zhu, J. Guan, and D.
Tomanek, The nature of the interlayer interaction in bulk and
few-layer phosphorus, Nano Lett. 15, 8170 (2015).

[18] X. Wang, A. M. Jones, K. L. Seyler, V. Tran, Y. Jia, H. Zhao,
H. Wang, L. Yang, X. Xu, and F. Xia, Highly anisotropic
and robust excitons in monolayer black phosphorus, Nat.
Nanotechnol. 10, 517 (2015).

[19] L. Li et al., Direct observation of the layer-dependent elec-
tronic structure in phosphorene, Nat. Nanotechnol. 12, 21
(2016).

[20] Y. Maruyama, S. Suzuki, K. Kobayashi, and S. Tanuma, Syn-
thesis and some properties of black phosphorus single crystals,
Physica B4C (Amsterdam) 105, 99 (1981).

[21] J. Qiao, X. Kong, Z.-X. Hu, F. Yang, and W. Ji, High-mobility
transport anisotropy and linear dichroism in few-layer black
phosphorus, Nat. Commun. 5, 4475 (2014).

[22] Y. Liu, T. Low, and P. P. Ruden, Mobility anisotropy in mono-
layer black phosphorus due to scattering by charged impurities,
Phys. Rev. B 93, 165402 (2016).

[23] Y. Liu and P. P. Ruden, Temperature-dependent anisotropic
charge-carrier mobility limited by ionized impurity scatter-
ing in thin-layer black phosphorus, Phys. Rev. B 95, 165446
(2017).

[24] V. V. Kulish, O. I. Malyi, C. Persson, and P. Wu, Adsorption
of metal adatoms on single-layer phosphorene, Phys. Chem.
Chem. Phys. 17, 992 (2015).

[25]1 J. O. Island, G. A. Steele, H. S. J. van der Zant, and
A. Castellanos-Gomez, Environmental instability of few-layer
black phosphorus, 2D Mater. 2, 011002 (2015).

[26] A. Ziletti, A. Carvalho, D. K. Campbell, D. F. Coker, and A. H.
Castro Neto, Oxygen Defects in Phosphorene, Phys. Rev. Lett.
114, 046801 (2015).

205403-10


https://doi.org/10.1070/PU1961v004n02ABEH003330
https://doi.org/10.1070/PU1961v004n02ABEH003330
https://doi.org/10.1070/PU1961v004n02ABEH003330
https://doi.org/10.1070/PU1961v004n02ABEH003330
https://doi.org/10.1080/00218467208072197
https://doi.org/10.1080/00218467208072197
https://doi.org/10.1080/00218467208072197
https://doi.org/10.1080/00218467208072197
https://doi.org/10.1007/BF02121382
https://doi.org/10.1007/BF02121382
https://doi.org/10.1007/BF02121382
https://doi.org/10.1007/BF02121382
https://doi.org/10.1103/PhysRevLett.120.131601
https://doi.org/10.1103/PhysRevLett.120.131601
https://doi.org/10.1103/PhysRevLett.120.131601
https://doi.org/10.1103/PhysRevLett.120.131601
https://doi.org/10.1103/PhysRevA.100.012514
https://doi.org/10.1103/PhysRevA.100.012514
https://doi.org/10.1103/PhysRevA.100.012514
https://doi.org/10.1103/PhysRevA.100.012514
https://doi.org/10.1038/s41586-018-0777-8
https://doi.org/10.1038/s41586-018-0777-8
https://doi.org/10.1038/s41586-018-0777-8
https://doi.org/10.1038/s41586-018-0777-8
https://doi.org/10.1103/PhysRevA.71.042102
https://doi.org/10.1103/PhysRevA.71.042102
https://doi.org/10.1103/PhysRevA.71.042102
https://doi.org/10.1103/PhysRevA.71.042102
https://doi.org/10.1088/0305-4470/39/21/S40
https://doi.org/10.1088/0305-4470/39/21/S40
https://doi.org/10.1088/0305-4470/39/21/S40
https://doi.org/10.1088/0305-4470/39/21/S40
https://doi.org/10.1109/JSTQE.2007.893082
https://doi.org/10.1109/JSTQE.2007.893082
https://doi.org/10.1109/JSTQE.2007.893082
https://doi.org/10.1109/JSTQE.2007.893082
https://doi.org/10.1063/1.3514152
https://doi.org/10.1063/1.3514152
https://doi.org/10.1063/1.3514152
https://doi.org/10.1063/1.3514152
https://doi.org/10.1103/PhysRevB.98.144101
https://doi.org/10.1103/PhysRevB.98.144101
https://doi.org/10.1103/PhysRevB.98.144101
https://doi.org/10.1103/PhysRevB.98.144101
https://doi.org/10.1103/PhysRevLett.119.183001
https://doi.org/10.1103/PhysRevLett.119.183001
https://doi.org/10.1103/PhysRevLett.119.183001
https://doi.org/10.1103/PhysRevLett.119.183001
http://arxiv.org/abs/arXiv:1904.00961
https://doi.org/10.1103/PhysRevLett.97.170402
https://doi.org/10.1103/PhysRevLett.97.170402
https://doi.org/10.1103/PhysRevLett.97.170402
https://doi.org/10.1103/PhysRevLett.97.170402
https://doi.org/10.1364/OE.15.004823
https://doi.org/10.1364/OE.15.004823
https://doi.org/10.1364/OE.15.004823
https://doi.org/10.1364/OE.15.004823
https://doi.org/10.1021/nn501226z
https://doi.org/10.1021/nn501226z
https://doi.org/10.1021/nn501226z
https://doi.org/10.1021/nn501226z
https://doi.org/10.1021/acs.nanolett.5b03615
https://doi.org/10.1021/acs.nanolett.5b03615
https://doi.org/10.1021/acs.nanolett.5b03615
https://doi.org/10.1021/acs.nanolett.5b03615
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1038/nnano.2016.171
https://doi.org/10.1038/nnano.2016.171
https://doi.org/10.1038/nnano.2016.171
https://doi.org/10.1038/nnano.2016.171
https://doi.org/10.1016/0378-4363(81)90223-0
https://doi.org/10.1016/0378-4363(81)90223-0
https://doi.org/10.1016/0378-4363(81)90223-0
https://doi.org/10.1016/0378-4363(81)90223-0
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1038/ncomms5475
https://doi.org/10.1103/PhysRevB.93.165402
https://doi.org/10.1103/PhysRevB.93.165402
https://doi.org/10.1103/PhysRevB.93.165402
https://doi.org/10.1103/PhysRevB.93.165402
https://doi.org/10.1103/PhysRevB.95.165446
https://doi.org/10.1103/PhysRevB.95.165446
https://doi.org/10.1103/PhysRevB.95.165446
https://doi.org/10.1103/PhysRevB.95.165446
https://doi.org/10.1039/C4CP03890H
https://doi.org/10.1039/C4CP03890H
https://doi.org/10.1039/C4CP03890H
https://doi.org/10.1039/C4CP03890H
https://doi.org/10.1088/2053-1583/2/1/011002
https://doi.org/10.1088/2053-1583/2/1/011002
https://doi.org/10.1088/2053-1583/2/1/011002
https://doi.org/10.1088/2053-1583/2/1/011002
https://doi.org/10.1103/PhysRevLett.114.046801
https://doi.org/10.1103/PhysRevLett.114.046801
https://doi.org/10.1103/PhysRevLett.114.046801
https://doi.org/10.1103/PhysRevLett.114.046801

EFFECT OF EXCESS CHARGE CARRIERS AND FLUID ...

PHYSICAL REVIEW B 100, 205403 (2019)

[27] O. 1. Malyi, K. V. Sopiha, C. Draxl, and C. Persson, Stabil-
ity and electronic properties of phosphorene oxides: From 0-
dimensional to amorphous 2-dimensional structures, Nanoscale
9, 2428 (2017).

[28] V. Tran, R. Soklaski, Y. Liang, and L. Yang, Layer-controlled
band gap and anisotropic excitons in few-layer black phospho-
rus, Phys. Rev. B 89, 235319 (2014).

[29] I. Cavero-Peldez, K. A. Milton, P. Parashar, and K. V. Shajesh,
Noncontact gears. I. Next-to-leading order contribution to
the lateral Casimir force between corrugated parallel plates,
Phys. Rev. D 78, 065018 (2008).

[30] I. Cavero-Pelez, K. A. Milton, P. Parashar, and K. V. Shajesh,
Noncontact gears. II. Casimir torque between concentric cor-
rugated cylinders for the scalar case, Phys. Rev. D 78, 065019
(2008).

[31] P. Parashar, K. A. Milton, I. Cavero-Pelez, and K. V. Shajesh,
Electromagnetic non-contact gears: Prelude, in Quantum Field
Theory Under the Influence of External Conditions (QFEXT09),
edited by K. A. Milton, and M. Bordag (World Scientific,
Oxford, 2010), p. 48.

[32] C. Persson, U. Lindefelt, and B. E. Sernelius, Doping-induced
effects on the band structure in n-type 3C-, 2H-, 6H-SiC, and
Si, Phys. Rev. B 60, 16479 (1999).

[33] C. Persson, Anisotropic hole-mass tensor of Culn;,Ga,(S,
Se),: Presence of free carriers narrows the energy gap,
Appl. Phys. Lett. 93, 072106 (2008).

[34] G. D. Mahan, Many-Particle Physics (Kluwer Academic, New
York, 2000).

[35] C. Ambrosch-Draxl and J. O. Sofo, Linear optical properties of
solids within the full-potential linearized augmented planewave
method, Comput. Phys. Commun. 175, 1 (2006).

[36] Y. Saito, and Y. Iwasa, Ambipolar insulator-to-metal transition
in black phosphorus by ionic-liquid gating, ACS Nano 9, 3192
(2015).

[37] G. Kresse and J. Hafner, Ab initio molecular dynamics for liquid
metals, Phys. Rev. B 47, 558 (1993).

[38] P. E. Blochl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[39] G. Kresse and D. Joubert, From ultrasoft pseudopotentials to
the projector augmented-wave method, Phys. Rev. B 59, 1758
(1999).

[40] J. Klimes, D. R. Bowler, and A. Michaelides, Chemical accu-
racy for the van der Waals density functional, J. Phys.: Condens.
Matter 22, 022201 (2010).

[41] J. Klimes, D. R. Bowler, and A. Michaelides, Van der Waals
density functionals applied to solids, Phys. Rev. B 83, 195131
(2011).

[42] A.D. Becke and E. R. Johnson, A simple effective potential for
exchange, J. Chem. Phys. 124, 221101 (2006).

[43] F. Tran and P. Blaha, Accurate Band Gaps of Semiconductors
and Insulators with a Semilocal Exchange-Correlation Poten-
tial, Phys. Rev. Lett. 102, 226401 (2009).

[44] The choice of the damping coefficient is based on the results
for metals determined by M. A. Ordal, L. L. Long, R. J. Bell,
S. E. Bell, R. R. Bell, R. W. Alexander, Jr., and C. A. Ward,
Optical properties of the metals Al, Co, Cu, Au, Fe, Pb, Ni, Pd,
Pt, Ag, Ti, and W in the infrared and far infrared, Appl. Opt. 22,
1099 (1983). We employ a large damping; however, the choice
of this value does not affect the subsequent values of the torque
to a noticeable degree.

[45] J. Heyd, G. E. Scuseria, and M. Ernzerhof, Hybrid functionals
based on a screened Coulomb potential, J. Chem. Phys. 118,
8207 (2003).

[46] A. V. Krukau, O. A. Vydrov, A. F. Izmaylov, and G. E.
Scuseria, Influence of the exchange screening parameter on the
performance of screened hybrid functionals, J. Chem. Phys.
125, 224106 (2006).

[47] H. Asahina, Y. Maruyama, and A. Morita, Optical reflec-
tivity and band-structure of black phosphorus, Physica B+C
(Amsterdam) 117-118, 419 (1983).

[48] H. Asahina and A. Morita, Band structure and optical properties
of black phosphorus, J. Phys. C 17, 1839 (1984).

[49] T. Nagahama, M. Kobayashi, Y. Akahama, S. Endo,
and S. Narita, Optical determination of dielectric con-
stant in black phosphorus, J. Phys. Soc. Jpn. 54, 2096
(1985).

[50] M. Bostrom, O. I. Malyi, P. Parashar, K. V. Shajesh, P. Thiyam,
K. A. Milton, C. Persson, D. F. Parsons, and I. Brevik, Lifshitz
interaction can promote ice growth at water-silica interfaces,
Phys. Rev. B 95, 155422 (2017).

[51] P. J. van Zwol and G. Palasantzas, Repulsive Casimir forces
between solid materials with high-refractive-index intervening
liquids, Phys. Rev. A 81, 062502 (2010).

[52] P. Thiyam, A study of finite-size, non-perturbative and
anisotropic effects on the Lifshitz-van der Waals forces and
torque with material dielectric responses from first-principles
calculations, Ph.D. thesis, KTH Royal Institute of Technology,
2018.

205403-11


https://doi.org/10.1039/C6NR08810D
https://doi.org/10.1039/C6NR08810D
https://doi.org/10.1039/C6NR08810D
https://doi.org/10.1039/C6NR08810D
https://doi.org/10.1103/PhysRevB.89.235319
https://doi.org/10.1103/PhysRevB.89.235319
https://doi.org/10.1103/PhysRevB.89.235319
https://doi.org/10.1103/PhysRevB.89.235319
https://doi.org/10.1103/PhysRevD.78.065018
https://doi.org/10.1103/PhysRevD.78.065018
https://doi.org/10.1103/PhysRevD.78.065018
https://doi.org/10.1103/PhysRevD.78.065018
https://doi.org/10.1103/PhysRevD.78.065019
https://doi.org/10.1103/PhysRevD.78.065019
https://doi.org/10.1103/PhysRevD.78.065019
https://doi.org/10.1103/PhysRevD.78.065019
https://doi.org/10.1103/PhysRevB.60.16479
https://doi.org/10.1103/PhysRevB.60.16479
https://doi.org/10.1103/PhysRevB.60.16479
https://doi.org/10.1103/PhysRevB.60.16479
https://doi.org/10.1063/1.2969467
https://doi.org/10.1063/1.2969467
https://doi.org/10.1063/1.2969467
https://doi.org/10.1063/1.2969467
https://doi.org/10.1016/j.cpc.2006.03.005
https://doi.org/10.1016/j.cpc.2006.03.005
https://doi.org/10.1016/j.cpc.2006.03.005
https://doi.org/10.1016/j.cpc.2006.03.005
https://doi.org/10.1021/acsnano.5b00497
https://doi.org/10.1021/acsnano.5b00497
https://doi.org/10.1021/acsnano.5b00497
https://doi.org/10.1021/acsnano.5b00497
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1103/PhysRevB.83.195131
https://doi.org/10.1103/PhysRevB.83.195131
https://doi.org/10.1103/PhysRevB.83.195131
https://doi.org/10.1103/PhysRevB.83.195131
https://doi.org/10.1063/1.2213970
https://doi.org/10.1063/1.2213970
https://doi.org/10.1063/1.2213970
https://doi.org/10.1063/1.2213970
https://doi.org/10.1103/PhysRevLett.102.226401
https://doi.org/10.1103/PhysRevLett.102.226401
https://doi.org/10.1103/PhysRevLett.102.226401
https://doi.org/10.1103/PhysRevLett.102.226401
https://doi.org/10.1364/AO.22.001099
https://doi.org/10.1364/AO.22.001099
https://doi.org/10.1364/AO.22.001099
https://doi.org/10.1364/AO.22.001099
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.2404663
https://doi.org/10.1063/1.2404663
https://doi.org/10.1016/0378-4363(83)90546-6
https://doi.org/10.1016/0378-4363(83)90546-6
https://doi.org/10.1016/0378-4363(83)90546-6
https://doi.org/10.1016/0378-4363(83)90546-6
https://doi.org/10.1088/0022-3719/17/11/006
https://doi.org/10.1088/0022-3719/17/11/006
https://doi.org/10.1088/0022-3719/17/11/006
https://doi.org/10.1088/0022-3719/17/11/006
https://doi.org/10.1143/JPSJ.54.2096
https://doi.org/10.1143/JPSJ.54.2096
https://doi.org/10.1143/JPSJ.54.2096
https://doi.org/10.1143/JPSJ.54.2096
https://doi.org/10.1103/PhysRevB.95.155422
https://doi.org/10.1103/PhysRevB.95.155422
https://doi.org/10.1103/PhysRevB.95.155422
https://doi.org/10.1103/PhysRevB.95.155422
https://doi.org/10.1103/PhysRevA.81.062502
https://doi.org/10.1103/PhysRevA.81.062502
https://doi.org/10.1103/PhysRevA.81.062502
https://doi.org/10.1103/PhysRevA.81.062502

