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Abstract This study investigates the Casimir torque in a ro-

tational microelectromechanical system (MEMS) with het-

erogeneous surface coatings using Lifshitz theory in con-

junction with the proximity force approximation (PFA). The

system consists of two parallel plates: a stationary, highly

electrically conductive gold plate and a movable plate that

rotates about its central axis. The movable plate is divided

into two regions with different surface coatings: the left

half in the schematic is coated with silicon carbide (SiC),

whereas the right half is coated with a phase-change mate-

rial (PCM), considered in both its crystalline and amorphous

phases. We assume an equilibrium separation of 300nm be-

tween the plates in the parallel configuration and consider

small rotational angles. The results show that switching the

PCM coating from the amorphous to the crystalline phase

increases the net Casimir torque by approximately a factor

of 12 at a normalized rotation angle of φ = 0.9. Thermal

fluctuations at 450K further enhance the torque; however,

in the crystalline phase, the temperature dependence be-

comes less pronounced because quantum fluctuations dom-

inate. The equivalent Casimir voltage required to counter-

act the Casimir torque with an electrostatic torque in the

realistic material configuration is substantially lower than

that for an ideal, perfectly conducting system. These results

demonstrate that the proposed heterogeneous rotational sys-

tem may provide a viable platform for active optomechani-
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cal switching and tunable thermal sensing in NEMS appli-

cations.
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1 Introduction

The Casimir force, predicted by Hendrik Casimir in 1948,

originates from quantum fluctuations of the electromagnetic

field in vacuum [1]. At submicron separations, this interac-

tion increases rapidly and can induce irreversible stiction be-

tween components, thereby compromising the functionality

and reliability of micro- and nanoelectromechanical systems

(MEMS/NEMS) [2, 7]. Consequently, developing effective

strategies to control and tune Casimir interactions is of con-

siderable practical importance.

One promising approach uses phase-change materials

(PCMs), which can reversibly switch between ordered crys-

talline and disordered amorphous phases in response to

thermal or electrical stimuli. Depending on the material,

this phase transition can substantially change the optical

response, particularly the frequency-dependent dielectric

function [3, 4]. Previous studies have demonstrated that

these changes can modulate the Casimir force and affect the

actuation dynamics of microsystems [3, 4]. More broadly,

recent reviews discuss the influence of material optical re-
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sponse, geometry, temperature, conductivity, and surface

morphology on Casimir interactions and their applications

in MEMS [8, 9].

In this work, we investigate a two-segment rotational mi-

crosystem in which the movable plate comprises two regions

coated with different materials: silicon carbide (SiC) and a

phase-change material (PCM). The primary objective is to

calculate the net Casimir torque arising from the system’s

optical heterogeneity and to investigate how phase transi-

tions and finite temperature affect the torque magnitude and

the corresponding electrostatic-equivalent voltage. Our ap-

proach combines mechanical rotation, material heterogene-

ity, phase switching, and thermal effects within the frame-

work of Lifshitz theory and the proximity force approxima-

tion (PFA). Recent theoretical work has also highlighted the

relevance of thermal effects to Casimir torque between bire-

fringent plates [11]. Here, we examine thermal effects in a

heterogeneous rotational geometry, with particular empha-

sis on the influence of the PCM phase on the net torque and

its temperature dependence. A closely related study inves-

tigated phase transitions and thermal fluctuations in nonho-

mogeneous torsional Casimir MEMS containing SiC and a

PCM [12]. The present treatment focuses on the equilibrium

torque and electrostatic-equivalent voltage.

2 System Geometry and Calculation Method

Fig. 1 Schematic of the rotational system consisting of a stationary

gold plate and a movable plate with SiC coating on the left half and

PCM coating on the right half. Positive rotation lowers the PCM side

toward the stationary plate.

The system consists of a stationary bottom plate made

of gold (Au) and a movable top plate with a total length

Lx = 2 × 10−5 m and a width Ly = 10−5 m. As shown in

Fig. 1, the left half of the movable plate is coated with sil-

icon carbide (SiC), whereas the right half is coated with a

phase-change material (PCM), considered in both its crys-

talline and amorphous phases. The PCM investigated here is

silver–indium–antimony–telluride (Ag–In–Sb–Te, AIST).

The initial separation between the two plates in the par-

allel configuration is d = 300nm. The movable plate can ro-

tate through a small angle θ about its central axis. For a

positive rotation that brings the PCM-coated side closer to

the gold plate, the local separations at a distance r from the

rotation axis are

d′
L = d + r sinθ , d′

R = d − r sinθ . (1)

Both the material heterogeneity and the rotational displace-

ment can contribute to a net Casimir torque about the rota-

tion axis.

According to Lifshitz theory, the magnitude of the at-

tractive Casimir pressure between two parallel, nonmagnetic

plates separated by a vacuum gap h at temperature T is [5]

p(h,T ) =
kBT

π

∞

∑
n=0

′
∫

∞

0
k∥ dk∥ qn

× ∑
ν=TE,TM

r1ν r2ν e−2qnh

1− r1ν r2ν e−2qnh .

(2)

Here, the prime indicates that the n= 0 term has half weight.

The Matsubara frequencies and perpendicular wave-vector

components are defined by

ξn =
2πkBT

ℏ
n, (3)

qn =

√
k2
∥+

ξ 2
n

c2 , (4)

κi,n =

√
k2
∥+ εi(iξn)

ξ 2
n

c2 . (5)

The vacuum relative permittivity is unity. The Fresnel re-

flection coefficients at the vacuum–material interfaces are

ri,TE =
qn −κi,n

qn +κi,n
, (6)

ri,TM =
εi(iξn)qn −κi,n

εi(iξn)qn +κi,n
. (7)

All reflection coefficients in Eq. (2) are evaluated at iξn and

k∥.
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The dielectric functions at imaginary frequencies are ob-

tained from the measured optical response through

ε j(iξ ) = 1+
2
π

∫
∞

0

ω Imε j(ω)

ω2 +ξ 2 dω. (8)

Experimental optical data are supplemented, where appro-

priate, by a Drude extrapolation at low frequencies [4, 7].

The Drude dielectric function on the imaginary frequency

axis is

εD(iξ ) = 1+
ω2

p

ξ (ξ + γ)
, (9)

where ωp is the plasma frequency and γ is the relaxation

rate. At zero temperature, the Matsubara sum is replaced by

a continuous frequency integral:

kBT
∞

∑
n=0

′ −→ ℏ
2π

∫
∞

0
dξ . (10)

Fig. 2 Dielectric functions ε(iξ ) as a function of imaginary frequency

for Au, SiC, and crystalline PCM, denoted by PCM(C), used in the

rotational MEMS.

For small rotational angles and gaps much smaller than

the lateral plate dimensions, we employ the proximity force

approximation (PFA) [6]. Let a = Lx/2, and choose a signed

coordinate x along the movable plate such that the PCM oc-

cupies 0 < x < a and SiC occupies −a < x < 0. Positive

rotation reduces the gap on the PCM side. Within the lin-

earized small-angle geometry, the local separation is

h(x,θ) = d − xθ . (11)

We denote by p j(h,T ) > 0 the magnitude of the attrac-

tive Lifshitz pressure between gold and material j at separa-

tion h and temperature T . Taking positive torque to increase

θ , the local proximity approximation gives

τCas(θ ,T ) = Ly

∫ a

0
x
[

pPCM(d − xθ ,T )

− pSiC(d + xθ ,T )
]

dx.
(12)

This expression follows by integrating the local attractive

force with its signed moment arm about the central axis.

Equivalently, let F j(h,T ) denote the interaction free en-

ergy per unit area, normalized to vanish at infinite separa-

tion. With the positive attractive-pressure convention,

p j(h,T ) =
∂F j(h,T )

∂h
. (13)

The interaction free energy in the same approximation is

UCas(θ ,T ) = Ly

∫ a

0

[
FPCM(d − xθ ,T )

+FSiC(d + xθ ,T )
]

dx.
(14)

The relation

τCas =−∂UCas

∂θ
(15)

then reproduces Eq. (12).

For smooth pressure functions and a|θ |/d ≪ 1, Taylor

expansion yields

τCas(θ ,T ) = τ0(T )+KCas(T )θ +O(θ 2), (16)

where

τ0(T ) =
Lya2

2
[pPCM(d,T )− pSiC(d,T )] , (17)

and

KCas(T ) =−
Lya3

3

[
∂ pPCM(d,T )

∂d
+

∂ pSiC(d,T )
∂d

]
. (18)

The constant term measures the torque caused by material

heterogeneity in the parallel configuration, whereas the lin-

ear coefficient measures the angular response. For identical

coatings, τ0 = 0, and the torque is an odd function of θ . For

heterogeneous coatings, a nonzero torque may already be

present at θ = 0.

Within the linearized geometry, we define

θ0 =
d
a
, φ =

θ

θ0
. (19)
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For |φ |< 1, the smallest and largest local gaps are

hmin = d(1−|φ |), (20)

hmax = d(1+ |φ |). (21)

Using d = 300nm and a = 10 µm, we obtain θ0 = 0.03rad.

Thus, φ = 0.9 corresponds to θ = 0.027rad and a minimum

gap of 30nm. A normalized angle close to unity therefore

represents proximity to contact, even though the physical

angle remains small.

The Taylor expansion in Eq. (16) requires |φ | ≪ 1 and

should not be extrapolated to the near-contact regime. The

validity of the local proximity approximation is a separate

issue involving the gap, slope, finite plate dimensions, and

coating boundary. Near contact, the results can also become

more sensitive to surface roughness and the material de-

scription at small separations.

3 Results

3.1 Casimir Torque at Zero Temperature

Table 1 Casimir torque at zero temperature, expressed in units of

10−15 Nm.

Normalized angle φ Ideal Crystalline Amorphous

0.01 0.87 0.81 0.53

0.30 1.14 0.98 0.61

0.50 2.74 1.95 0.84

0.80 16.9 7.2 1.3

0.90 135.5 34.8 2.9

Table 1 presents the Casimir torque for the ideal per-

fectly conducting case and the realistic material configura-

tion as a function of the normalized rotation angle,

φ =
θ

θ0
=

aθ

d
, a =

Lx

2
. (22)

In the crystalline phase, the torque is closer to the ideal

perfectly conducting value than in the amorphous phase,

particularly at small normalized angles. The amorphous

phase produces a substantially smaller torque. At φ = 0.9,

the crystalline-phase torque exceeds the amorphous-phase

torque by a factor of approximately 12.

3.2 Effect of Temperature

Figures 3 and 4 show the torque reduction factor,

η(φ ,T ) =
τCas(φ ,T )
τ ID

Cas(φ ,T )
, (23)

where τ ID
Cas denotes the torque for the ideal perfectly con-

ducting reference system at the same angle and tempera-

ture. The reduction factor increases at 450K compared with

its zero-temperature value, particularly in the amorphous

phase.

Fig. 3 Torque reduction factor η = τCas/τ ID
Cas versus normalized angle

φ for the microsystem containing amorphous PCM at T = 0K and T =

450K.

Fig. 4 Torque reduction factor η = τCas/τ ID
Cas versus normalized angle

φ for the microsystem containing crystalline PCM at T = 0K and T =

450K.

The finite-temperature calculations at T = 450K show

that thermal fluctuations enhance the total Casimir torque.

However, the magnitude of this enhancement strongly de-

pends on the PCM phase. In the crystalline phase, where the



168

quantum contribution remains dominant, increasing the tem-

perature produces only a modest change in the torque, with

an enhancement of less than 20%. By contrast, in the amor-

phous phase, where the zero-temperature Casimir torque is

comparatively weak, the thermal contribution can account

for up to approximately 50% of the total torque.

This pronounced phase-dependent thermal response

suggests two distinct operating regimes: a thermally respon-

sive regime in the amorphous phase, potentially suitable for

temperature sensing, and a comparatively thermally stable

regime in the crystalline phase. Such phase-dependent tun-

ability could benefit the development of adaptive NEMS de-

vices intended to operate in environments with substantial

temperature variations.

These observations are consistent with the broader lit-

erature showing that thermal corrections to Casimir interac-

tions depend on geometry, separation, and material optical

response [9, 10]. Recent theoretical work has also demon-

strated substantial thermal effects on Casimir torque be-

tween birefringent plates [11]. A study of nonhomogeneous

torsional PCM MEMS also reported reduced sensitivity of

actuation to thermal fluctuations in the crystalline phase

[12].

3.3 Equivalent Casimir Voltage

The compensating electrodes must produce a torque oppo-

site to the Casimir torque. Their placement and electrical

connection determine both the sign and magnitude of the

electrostatic torque; coating heterogeneity alone does not

specify this electrode configuration. For a specified elec-

trode configuration, let C(θ) denote the capacitance. At a

fixed applied voltage V , the electrostatic torque is

τel(θ ,V ) =
V 2

2
dC
dθ

= G(θ)V 2, (24)

where

G(θ) =
1
2

dC
dθ

. (25)

The voltage producing an electrostatic torque equal in

magnitude to the Casimir torque is

Veq(θ ,T ) =

√
|τCas(θ ,T )|
|G(θ)|

, G(θ) ̸= 0. (26)

This magnitude comparison corresponds to actual torque

compensation only when the two torques have opposite

signs. In that case, the signed balance condition is

τCas(θ ,T )+G(θ)V 2 = 0, (27)

which yields

V 2 =−τCas(θ ,T )
G(θ)

≥ 0. (28)

At a fixed angle and for the same electrostatic geometry,

the material and ideal-conductor calculations must therefore

satisfy

V mat
eq

V ID
eq

=

√
|τmat

Cas |
|τ ID

Cas|
. (29)

This identity provides a direct consistency check between

the torque and equivalent-voltage results. Torque balance

alone does not establish stability. Stability additionally re-

quires a negative derivative of the total torque with respect

to angle at equilibrium, including any mechanical restoring

torque:

∂τtot

∂θ

∣∣∣∣
θ=θeq

< 0, (30)

where the derivative is evaluated at fixed applied voltage and

temperature, and

τtot = τCas + τel + τmech. (31)

For comparison, the closed-form ideal-conductor refer-

ence expression used in the original formulation is

V ID
eq (φ) =

[
π2ℏc

90ε0d2

× φ 3(3+φ 2)

(1−φ 2)3
[
ln(1−φ)+ φ

1−φ

]
1/2

,

0 < φ < 1.

(32)

Here, ε0 denotes the vacuum permittivity in SI units, not

the vacuum relative permittivity, which is unity. This ex-

pression is a zero-temperature ideal-conductor magnitude

benchmark. Its electrostatic geometry factor is that of a sin-

gle half-plate parallel-gap electrode with capacitance

Cref(θ) =
ε0Ly

θ
ln
(

d
d −aθ

)
. (33)
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For positive θ , this electrode attracts the approaching half

and gives a positive torque. It therefore does not, by it-

self, compensate a positive Casimir torque. Actual compen-

sation requires an electrode arrangement with the opposite

torque sign, using its own G(θ) in Eq. (26). The closed-

form benchmark must not be applied to the realistic hetero-

geneous system without the appropriate material torque and

electrode geometry.

Fig. 5 Equivalent Casimir voltage Veq versus normalized angle φ =

θ/θ0 for the ideal perfectly conducting configuration and the realistic

microsystem composed of crystalline PCM, SiC, and Au at T = 0K.

The calculation of the equivalent Casimir voltage shows

that the voltage required to counterbalance the Casimir

torque through an electrostatic torque in the realistic ma-

terial configuration is substantially lower than that required

in the ideal perfectly conducting case. For example, for the

same assumed electrostatic geometry at φ = 0.8, the equiva-

lent voltage is approximately Veq = 2.74V in the crystalline

phase and Veq = 1.16V in the amorphous phase. The corre-

sponding value for the ideal perfectly conducting configura-

tion is V ID
eq = 4.2V.

The substantially reduced compensation voltage indi-

cates that the Casimir-induced rotational behavior can be

controlled using relatively low electrostatic bias voltages,

potentially reducing the electrical energy required for actua-

tion and control. In the amorphous phase, where the intrinsic

Casimir torque is comparatively weak, only a small electro-

static bias is required to compensate for the interaction. Pro-

vided that the stability condition is also satisfied, this may

allow operation near a zero-total-torque equilibrium. This

characteristic may be advantageous for low-power memory

and switching concepts in which minimal actuation energy

and stable near-zero-torque states are desirable.

4 Conclusion

In this study, we investigated the net Casimir torque in a

rotational microsystem with heterogeneous surface coatings

of SiC and a phase-change material (PCM), using Lifshitz

theory in conjunction with the proximity force approxima-

tion (PFA). The results show that switching the PCM from

the amorphous to the crystalline phase substantially en-

hances the Casimir torque. At a normalized rotation angle of

φ = 0.9, the torque in the crystalline phase is approximately

12 times greater than that in the amorphous phase.

This pronounced difference primarily reflects the sub-

stantial change in the PCM’s frequency-dependent dielectric

response across the phase transition. In particular, the crys-

talline phase exhibits a stronger absorptive response, charac-

terized by an enhanced imaginary part of the dielectric func-

tion over relevant frequency ranges, and consequently dis-

plays more metal-like optical behavior than the amorphous

phase. This modification of the electromagnetic reflection

properties alters the fluctuation-induced interaction within

the gap, leading to a stronger Casimir interaction and, con-

sequently, a larger torque.

This phase-dependent behavior provides a route toward

an active optomechanical switch operating between low-

and high-torque states. Switching may be induced by ther-

mal or electrical stimulation of the PCM, without requiring

a continuous external voltage bias to maintain its material

phase.

From a fundamental physics perspective, this study

shows that optical heterogeneity, combined with an asym-

metric rotational geometry, can generate a substantial net

Casimir torque without intrinsic material anisotropy. This

provides a useful physical concept for designing tunable

micro- and nanoelectromechanical devices. These results

build on previous studies of Casimir-force modulation using

phase-change materials [3, 4], while extending the concept

to torque generation in a heterogeneous rotational system.
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Related torsional PCM-MEMS work also addresses phase-

dependent thermal effects [12].

A normalized angle close to unity represents proximity

to contact, even though the physical angle remains small.

The Taylor expansion of the torque requires |φ | ≪ 1 and

should not be extrapolated to this regime. The validity of the

local proximity approximation is a separate issue involving

the gap, slope, finite plate dimensions, and coating bound-

ary. Near contact, the results can also become more sensitive

to surface roughness and the material description at small

separations.

Another potentially important extension would be to in-

corporate surface roughness into the theoretical model. At

very small separations, local variations in the gap can sig-

nificantly modify the electromagnetic interaction. Including

experimentally realistic roughness profiles would therefore

provide a more comprehensive assessment of the robustness

of the predicted Casimir torque. Finite-size and edge effects

also warrant further investigation.

Combining phase-change materials, heterogeneous sur-

face coatings, and rotational geometry provides a means

to actively tune the Casimir torque. The proposed con-

figuration allows adjustment of both the torque ampli-

tude, through switching between weak- and strong-torque

regimes, and the thermal response, through switching be-

tween relatively temperature-insensitive and temperature-

responsive regimes. These characteristics highlight the po-

tential of phase-change-enabled Casimir systems for tunable

optomechanical switching, thermal sensing, and low-power

NEMS applications.
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