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Casimir pressure in peptide films on metallic substrates: Change of sign via graphene coating
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We find that the Casimir pressure in peptide films deposited on metallic substrates is always repulsive which
makes these films less stable. It is shown that by adding a graphene sheet on top of peptide film one can
change the sign of the Casimir pressure by making it attractive. For this purpose, the formalism of the Lifshitz
theory is extended to the case when the film and substrate materials are described by the frequency-dependent
dielectric permittivities, whereas the response of graphene to the electromagnetic field is governed by the
polarization tensor in (2+1)-dimensional space-time found in the framework of the Dirac model. Both pristine
and gapped and doped graphene sheets are considered possessing some nonzero energy gap and chemical
potential. According to our results, in all cases the presence of graphene sheet makes the Casimir pressure in
peptide film deposited on a metallic substrate attractive starting from some minimum film thickness. The value
of this minimum thickness becomes smaller with increasing chemical potential and larger with increasing energy
gap and the fraction of water in peptide film. The physical explanation for these results is provided, and their
possible applications in organic electronics are discussed.
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I. INTRODUCTION

Considerable recent attention has been focused on organic
materials which combine electrical conductivity with high
mechanical flexibility. Carbon-based materials of this type
have gained widespread acceptance in organic electronics [1]
giving rise to creation of innovative electronic devices, such as
solar cells [2,3], field-effect transistors [4–7], light-emitting
diodes [8,9], biomarkers [10–12], etc. Many of the organic
electronic devices employ thin peptide films deposited on di-
electric and metallic substrates for their functionality [13–19].
Physical phenomena at organic-dielectric and organic-metal
interfaces have been the subject of much investigation
(see, e.g., Refs. [20–30]).

One of these phenomena, which becomes essential in films
of less than 1 μm thickness, is caused by the zero-point and
thermal fluctuations of the electromagnetic field. Fluctuations
result in the van der Waals and Casimir forces between two
closely spaced material layers separated by a vacuum gap
[31,32] as well as in the internal free energies and pressures
induced in both freestanding and deposited on a substrate film.
The van der Waals and Casimir free energies and forces in
layer structures can be expressed via the frequency-dependent
dielectric permittivities of interacting layers by means of the
Lifshitz theory [33]. In Refs. [34–37], this theory was applied
for calculation of the van der Waals forces between films made
of organic materials. Based on the Lifshitz theory, the Casimir
free energy and pressure were also investigated for the free-
standing and deposited on substrate metallic and dielectric
films [38–43].

The fluctuation-induced free energy of both freestanding
and deposited on dielectric and metallic substrate peptide

films was found in Ref. [44]. For this purpose, a representation
for the dielectric permittivity of a typical model peptide along
the imaginary frequency axis was suggested using the results
of Ref. [45] for electrically neutral 18-residue zinc finger
peptide in the microwave region and of Ref. [46] for cyclic
tripeptide RGD-4C in the ultraviolet region. The behavior of
the dielectric permittivity of typical peptide in the region of
infrared frequencies was modeled in the Ninham-Parsegian
representation.

It was shown that the fluctuation-induced free energy of
peptide films deposited on metallic substrates is positive,
whereas for dielectric substrates it can change its sign de-
pending on the film thickness [44]. The effect of sign change
arising in the case of dielectric substrates was considered in
more detail in Refs. [47,48]. According to the obtained results,
for sufficiently thick peptide films (thicker than 135 nm for a
film containing 10% of water deposited on a SiO2 substrate)
the fluctuation-induced Casimir pressure becomes negative.
This corresponds to attraction of a film to a substrate and
makes film more stable. In Ref. [49] it was shown that the
doping of peptide film deposited on a dielectric substrate with
metallic nanoparticles results in a wider range of film thick-
nesses, where the Casimir pressure is attractive, and further
increases the film stability.

In this paper, we consider peptide films deposited on metal-
lic substrates and show that the fluctuation-induced pressure is
positive which corresponds to a repulsive force and makes the
peptide film less stable. The doping of peptide with metallic
nanoparticles is not helpful in this case because it does not
change the sign of the Casimir pressure in films deposited
on metallic substrates. In order to make peptide films on

2469-9950/2021/103(24)/245421(10) 245421-1 ©2021 American Physical Society

https://orcid.org/0000-0001-8560-998X
https://orcid.org/0000-0001-8983-3719
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.245421&domain=pdf&date_stamp=2021-06-15
https://doi.org/10.1103/PhysRevB.103.245421


KLIMCHITSKAYA, MOSTEPANENKO, AND VELICHKO PHYSICAL REVIEW B 103, 245421 (2021)

metallic substrates more stable, we propose to coat an addi-
tional graphene sheet on top of peptide film.

The fluctuation-induced Casimir pressure in a material
layer sandwiched between a sufficiently thick metallic plate
and a graphene sheet has not been investigated so far. This
is a familiar three-layer system where, however, one layer is
two-dimensional. Because of this, the Lifshitz formula for the
Casimir pressure should contain the standard reflection coef-
ficients on the boundary surface between peptide and metal
(which are expressed via the respective dielectric permittiv-
ities) and more sophisticated ones on the boundary between
peptide and graphene (which also depend on the polarization
tensor of graphene [50]). Here, we present the necessary for-
malism describing this system based on the first principles of
quantum electrodynamics at nonzero temperature.

Using the developed formalism, we have calculated the
Casimir pressure in pure peptide films and in peptide films
containing different fractions of water sandwiched between an
Au substrate and a graphene sheet with various values of the
energy gap or chemical potential. It is shown that the coating
by a pristine graphene sheet on top of pure peptide film makes
the Casimir pressure in this film negative for film thicknesses
exceeding 211.7 nm. In so doing, for graphene with a nonzero
chemical potential the Casimir pressure becomes attractive
starting from smaller film thicknesses whereas for graphene
with a nonzero energy gap the same goal is reached for thicker
films.

Special attention is devoted to the most realistic case when
a peptide film contains some fraction of water and a graphene
sheet is characterized by the nonzero energy gap and chemical
potential. It is shown that in all cases the Casimir pressure in
peptide film becomes attractive for film thicknesses exceeding
some definite value wherein the pressure vanishes. This value
depends on the fraction of water in the film and on the values
of the energy gap and chemical potential of a graphene sheet.
It is smaller for peptide films with a smaller fraction of water,
larger chemical potential, and smaller energy gap of graphene.
By contrast, for a larger fraction of water, smaller chemical
potential, and larger energy gap of graphene the value of film
thickness, such that the Casimir pressure takes zero value,
increases.

The obtained results could be useful for prospective de-
vices of organic electronics with further reduced dimensions
to ensure their stability.

The paper is organized as follows. In Sec. II, the general
formalism is presented allowing calculation of the Casimir
pressure in thin film sandwiched between a metallic plate
and a graphene sheet. Section III is devoted to an impact
of graphene coating on the Casimir pressure in pure (dried)
peptide film. The most realistic case of peptide films contain-
ing some fraction of water and graphene films possessing the
nonzero energy gap and chemical potential is considered in
Sec. IV. Section V presents our conclusions and a discussion.

II. FORMALISM FOR THE CASIMIR PRESSURE
IN A FILM SANDWICHED BETWEEN METALLIC

PLATE AND GRAPHENE SHEET

We consider the Casimir pressure in a peptide film of thick-
ness a characterized by the frequency-dependent dielectric

permittivity ε(1)(ω) deposited on metallic substrate with the
dielectric permittivity ε(2)(ω). The sheet of graphene possess-
ing the energy gap � and chemical potential μ is coated on
the top of peptide film. This system is kept at temperature T
in thermal equilibrium with the environment.

For the purpose of numerical computations, it is convenient
to use the dimensionless variables,

ζl = 2aξl

c
, y = 2a

(
k2
⊥ + ξ 2

l

c2

)1/2

, (1)

where ξl = 2πkBT l/h̄ are the Matsubara frequencies, kB is
the Boltzmann constant, and k⊥ is the projection of the wave
vector on the plane of a film (which is perpendicular to the
Casimir force).

Then, the Casimir pressure in a peptide film is given by the
Lifshitz formula [31–33],

P(a, T ) = − kBT

8πa3

∞∑
l=0

′ ∫ ∞

ζl

yk(1)(ζl , y)dy

×
∑

κ

1[
Rκ (ζl , y)r (1.2)

κ (ζl , y)
]−1

ek(1) (ζl ,y) − 1
,

(2)

where

k(n)(ζl , y) = [
y2 + (

ε
(n)
l − 1

)
ζ 2

l

]1/2
, (3)

ε
(n)
l = ε(n)(iξl ) = ε(n)[icζl/(2a)], n = 1, 2 for a peptide and a

substrate metal, respectively, a prime on the summation sign
divides the term with l = 0 by 2, and the sum in κ is over two
polarizations of the electromagnetic field—transverse mag-
netic (κ = TM) and transverse electric (κ = TE).

The quantities r (1,2)
κ and Rκ in Eq. (2) are the reflection co-

efficients on the boundary planes between the peptide film and
metallic substrate and between the peptide film and graphene
sheet, respectively. Note that the metallic substrate is consid-
ered as a semispace (for this purpose its thickness should be
larger than 100 nm [32]).

An explicit form of the coefficients r (1,2)
κ is well known.

These are the familiar Fresnel reflection coefficients calcu-
lated at the pure imaginary Matsubara frequencies,

r (1,2)
TM (ζl , y) = ε

(2)
l k(1)(ζl , y) − ε

(1)
l k(2)(ζl , y)

ε
(2)
l k(1)(ζl , y) + ε

(1)
l k(2)(ζl , y)

,

r (1,2)
TE (ζl , y) = k(1)(ζl , y) − k(2)(ζl , y)

k(1)(ζl , y) + k(2)(ζl , y)
. (4)

The reflection coefficients Rκ on the boundary plane be-
tween peptide and graphene are more involved. If a peptide
film and a graphene sheet are separated by a vacuum gap of
width d , the reflection coefficient takes the form [32],

Rκ (ζl , y; d ) = r (1,0)
κ (ζl , y) + r (gr)

κ (ζl , y)e−dy/a

1 + r (1,0)
κ (ζl , y)r (gr)

κ (ζl , y)e−dy/a
. (5)

Here, r (1,0)
κ are the Fresnel reflection coefficients on

the boundary between a peptide semispace and vacuum
which are expressed via the dielectric permittivity of
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peptide ε
(1)
l as

r (1,0)
TM (ζl , y) = k(1)(ζl , y) − ε

(1)
l y

k(1)(ζl , y) + ε
(1)
l y

,

r (1,0)
TE (ζl , y) = k(1)(ζl , y) − y

k(1)(ζl , y) + y
. (6)

The reflection coefficients r (gr)
κ in Eq. (5) are on a

freestanding in a vacuum graphene sheet. These are the non-
Fresnel coefficients whose exact form is expressed in the
framework of the Dirac model [51] via the polarization tensor
of graphene in (2+1)-dimensional space-time,

	mn(iξl , k⊥, T,�,μ) ≡ 	mn,l (k⊥, T,�,μ), (7)

or, in the dimensionless form,

	̃mn,l (y, T,�,μ) = 2a

h̄
	mn,l (k⊥, T,�,μ), (8)

where m, n = 0, 1, 2.
The explicit expressions for the coefficients r (gr)

κ are the
following (see Refs. [52,53] and also Refs. [54,55] where the
dimensionless quantities are used):

r (gr)
TM (ζl , y) = y	̃00,l (y, T,�,μ)

y	̃00,l (y, T,�,μ) + 2
(
y2 − ζ 2

l

) ,

r (gr)
TE (ζl , y) = − 	̃l (y, T,�,μ)

	̃l (y, T,�,μ) + 2y
(
y2 − ζ 2

l

) , (9)

where the quantity

	̃l (y, T,�,μ) ≡ (
y2 − ζ 2

l

)
tr	̃mn,l (y, T,�,μ)

− y2	̃00,l (y, T,�,μ) (10)

is expressed via the tensor trace tr	̃mn,l ≡ 	̃m
m,l .

Before presenting the exact expressions for the compo-
nents of the polarization tensor, we conclude that the reflection
coefficients Rκ entering Eq. (2) are obtained from Eq. (5) in
the limiting case d → 0:

Rκ (ζl , y) = lim
d→0

Rκ (ζl , y; d )

= r (1,0)
κ (ζl , y) + r (gr)

κ (ζl , y)

1 + r (1,0)
κ (ζl , y)r (gr)

κ (ζl , y)
, (11)

where r (1,0)
κ and r (gr)

κ are defined in Eqs. (6) and (9), respec-
tively.

It only remains to present the expressions for 	̃00,l and
	̃l . We write out these expressions in the form allowing
immediate analytic continuation over the entire plane of com-
plex frequencies [56,57] and use the dimensionless quantities
[54,55].

We start with the case l = 0. In this case the exact expres-
sions for 	̃00,0 and 	̃0 are given by [54,55]

	̃00,0(y, T,�,μ) = αy

ṽF
�(D0) + 16α

ṽ2
F

akBT

h̄c
ln[(e

μ

kBT + e− �
2kBT )(e− μ

kBT + e− �
2kBT )]

− 4αy

ṽF

∫ √
1+D2

0

D0

duw0(u, y, T, μ)
1 − u2

(1 − u2 + D2
0)1/2

,

	̃0(y, T,�,μ) = αṽF y3�(D0) + 4αṽF y3
∫ √

1+D2
0

D0

duw0(u, y, T, μ)
−u2 + D2

0(
1 − u2 + D2

0

)1/2 . (12)

Here, the following notations are introduced:

�(x) = 2[x + (1 − x2) arctan x−1],

wl (u, y, T, μ) = 1

eBl u+ μ

kBT + 1
+ 1

eBl u− μ

kBT + 1
,

Bl = Bl (y, T ) = h̄c

4akBT
pl (y),

Dl = Dl (y) = 2a�

h̄cpl (y)
,

pl (y) = [
ṽ2

F y2 + (
1 − ṽ2

F

)
ζ 2

l

]1/2
, (13)

and ṽF = vF /c ≈ 1/300, α = e2/(h̄c) ≈ 1/137 are the di-
mensionless Fermi velocity for graphene and the fine structure
constant, respectively.

Now we consider the expressions for 	̃00,l and 	̃l with
l � 1. In this case it is unnecessary to use rather cumbersome
exact formulas because at T = 300 K and film thicknesses
a > 50 nm it holds ζl 	 ṽF for all l � 1. As a result

[54,55,58],

	̃00,l (y, T,�,μ) ≈ α
(
y2 − ζ 2

l

)
ζl

[�(�l ) + Ỹl (y, T,�,μ)],

	̃l (y, T,�,μ) ≈ αζl
(
y2 − ζ 2

l

)
[�(�l ) + Ỹl (y, T,�,μ)],

(14)

where �l = 2a�/(h̄cζl ) and the quantity Ỹl is defined as

Ỹl (y, T,�,μ)

= 2
∫ ∞

�l

duwl (u, y, T, μ)
u2 + �2

l

u2 + 1

≈ 2
∫ ∞

�l

du

(
1

eπ lu+ μ

kBT + 1
+ 1

eπ lu− μ

kBT + 1

)
u2 + �2

l

u2 + 1
.

(15)

In the last equation, we have taken into account that the
major contribution to Eq. (2) is given by y ∼ 1. Computations
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show [58] that Eqs. (14) and (15) lead to less than 0.02%
relative error in the obtained Casimir pressures.

The reflection coefficients (9) on a graphene sheet with
l = 0 are simplified to

r (gr)
TM (0, y) = 	̃00,0(y, T,�,μ)

	̃00,0(y, T,�,μ) + 2y
,

r (gr)
TE (0, y) = − 	̃0(y, T,�,μ)

	̃0(y, T,�,μ) + 2y3
, (16)

where 	̃00,0 and 	̃0 are defined in Eq. (12).
By putting l = 0 in Eq. (6), one obtains

r (1,0)
TM (0, y) = 1 − ε

(1)
0

1 + ε
(1)
0

, r (1,0)
TE (0, y) = 0. (17)

Substituting Eqs. (16) and (17) in Eq. (11), we arrive at

RTM(0, y) = 	̃00,0(y, T,�,μ) + y
(
1 − ε

(1)
0

)
	̃00,0(y, T,�,μ) + y

(
1 + ε

(1)
0

) ,

RTE(0, y) = r (gr)
TE (0, y). (18)

For all l � 1 the reflection coefficients (11) are obtained
with the help of Eqs. (6), (9), and (14),

RTM(ζl , y) = k(1)(ζl , y){α[�(�l ) + Ỹl ]y + ζl} − ε
(1)
l ζl y

k(1)(ζl , y){α[�(�l ) + Ỹl ]y + ζl} + ε
(1)
l ζl y

,

RTE(ζl , y) = k(1)(ζl , y) − y − α[�(�l ) + Ỹl ]ζl

k(1)(ζl , y) + y + α[�(�l ) + Ỹl ]ζl
, (19)

where �(�l ) and Ỹl are defined in Eqs. (13) and (15).
Now that we have presented the required formalism, the

Casimir pressure in a peptide film can be computed by Eq. (2)
using the reflection coefficients (4), (18), and (19). Calcu-
lations of this kind are performed in the next sections for
different parameters of a peptide film and a graphene sheet.

III. IMPACT OF GRAPHENE COATING ON THE CASIMIR
PRESSURE IN DRIED PEPTIDE FILMS

In this section, we consider a somewhat idealized situation
when the film is made of pure dried peptide, which does not
contain water, and graphene is pristine or is characterized
either by some nonzero chemical potential μ or by a nonzero
energy gap �.

In the absence of graphene, the Casimir free energy of
peptide films (both dried and containing some fraction � of
water) deposited on an Au substrate was found in Ref. [44].
For this purpose, by combining available information about
the optical properties of two closely similar peptides in dif-
ferent frequency regions (see Sec. I), the values of dielectric
permittivities of typical peptides ε

(1)
l containing the fractions

of water � = 0, 0.1, 0.25, and 0.4 were found at the pure
imaginary Matsubara frequencies iξ0 = 0, iξ1, iξ2, . . . , iξ30

(see Fig. 2 of Ref. [44]). These values are used in all compu-
tations below. It was shown [44] that the Casimir free energy
of peptide films with any � on an Au substrate is positive and
decreases with increasing film thickness.

We begin with similar computations for the Casimir pres-
sure performed by using Eq. (2) where in the absence of
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FIG. 1. The Casimir pressure in peptide films containing � = 0,
0.1, 0.25, and 0.4 fractions of water deposited on an Au substrate
are shown as functions of film thickness in a logarithmic scale by
the four lines from bottom to top, respectively, at T = 300 K. In the
inset, the region of smaller film thicknesses is shown in a uniform
scale.

graphene one should put r (gr)
κ (ζl , y) = 0 in Eq. (11) so that

Rκ (ζl , y) = r (1,0)
κ (ζl , y), (20)

where r (1,0)
κ is defined in Eq. (6).

To compute the Casimir pressure in peptide film deposited
on an Au substrate, one also needs the values of dielectric
permittivity of Au, ε

(2)
l , at the imaginary Matsubara frequen-

cies. These are usually found by using the optical data for
the complex index of refraction of Au [59] extrapolated down
to zero frequency and the Kramers-Kronig relations [32]. It
has been known that in calculations of the Casimir force
between metallic plates through a vacuum gap an extrapo-
lation of the optical data was made by means of either the
dissipative Drude model or dissipationless plasma model with
diverged results. In so doing, contrary to expectations, the-
oretical results using the plasma model extrapolation were
confirmed experimentally and using the Drude model extrap-
olation were experimentally excluded [32,60,61] (see also
recent Ref. [62]). This is known as the Casimir puzzle [63].

In our case, however, both extrapolations lead to coinciding
results because the TE reflection coefficient on the boundary
plane between peptide and vacuum vanishes at zero frequency.
In the presence of a graphene sheet on top of peptide film both
extrapolations lead to almost coinciding results because the
TE reflection coefficient on the boundary between graphene
and vacuum at zero frequency is very small.

In Fig. 1, we present in the logarithmic scale computational
results for the Casimir pressure in peptide films deposited
on Au substrate as the functions of film thickness at room
temperature T = 300 K. The four lines from bottom to top
are for the dried films and for films containing � = 0.1, 0.25,
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and 0.4 volume fractions of water. In the inset, the region of
film thicknesses from 100 to 200 nm is shown in a uniform
scale. It is seen that in all cases the Casimir pressure remains
positive, i.e., the Casimir force is repulsive. Thus, the effects
of electromagnetic fluctuations make peptide coating less
stable.

As is seen in Fig. 1, the Casimir pressure decreases with
increasing film thickness and increases with increasing frac-
tion of water in the film. For instance, for the film of 150 nm
thickness containing � = 0, 0.1, 0.25, and 0.4 fractions of
water the Casimir pressure is equal to 133.8, 150.6, 173.6,
and 194.1 mPa, respectively. We have checked that the doping
of peptide film with metallic nanoparticles which was used
in order to increase film stability in the case of dielectric
substrate [49], is incapable of changing the sign of the Casimir
pressure for metallic substrates.

Now we consider an effect of graphene coating on top of
a dried peptide film. We perform numerical computations of
the Casimir pressure using Eqs. (2), (4), (18), and (19) for the
cases of pristine graphene which is gapless (� = 0) and un-
doped (μ = 0) and also for graphene characterized either by
some nonzero value of � (but undoped) or by some nonzero
value of μ (but gapless).

In Figs. 2(a) and 2(b) the computational results for the
Casimir pressure in graphene-coated dried peptide film are
shown as functions of the film thickness by the bottom,
middle, and top solid lines for graphene coatings with (μ =
0.25 eV, � = 0), (μ = � = 0), and (μ = 0, � = 0.1 eV),
respectively, at T = 300 K in the regions of film thickness (a)
from 100 to 180 nm and (b) from 180 to 500 nm. The dashed
line reproduces the computational results obtained for a dried
peptide film without graphene coating (see the bottom line in
Fig. 1). The chosen values of μ and � are typical for graphene
sheets deposited on a substrate [64].

From Figs. 2(a) and 2(b), it is seen that the presence of
a graphene coating strongly affects the Casimir pressure in
peptide film. For films of any thickness, this pressure becomes
much smaller than in the absence of graphene coating. At
some film thickness a0 the Casimir pressure vanishes and
changes its sign from positive to negative for thicker films.
This happens at a0 = 268.5 nm for the graphene coating
with μ = 0, � = 0.1 eV and at a0 = 211.7 nm for a pris-
tine graphene [see the top and middle lines in Fig. 2(b)].
For graphene with μ = 0.25 eV, � = 0 [the bottom lines in
Figs. 2(a) and 2(b)] we have a0 < 100 nm.

In all cases the presence of graphene coating leads to at-
tractive Casimir forces for sufficiently thick peptide films and,
thus, contribute to the film stability. In doing so an increase
of μ results in larger magnitudes of the negative Casimir
pressures over the wider region of film thicknesses, as com-
pared to the case of pristine graphene, whereas an increase
of � leads to smaller in magnitude negative pressures than
for a pristine graphene and for thicker films. As an example,
for a peptide film of 150 nm thickness the Casimir pressure
is equal to 133.8 mPa in the absence of a graphene sheet
[see Fig. 1 and the dashed line in Fig. 2(a)] but to 24.24,
12.35, and –13.04 mPa in the presence of graphene sheets
with (μ = 0, � = 0.1 eV), (μ = � = 0), and (μ = 0.25 eV,
� = 0), respectively [see the top, middle, and bottom solid
lines in Fig. 2(a)].
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P
(m

P
a)

200 250 300 350 400 450 500
10

5
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5

10

a (nm)

P
(m

P
a)
(b)

(a)

FIG. 2. The Casimir pressure in dried peptide film deposited on
an Au substrate and coated by a graphene sheet with (μ = 0.25 eV,
� = 0), (μ = � = 0), and (μ = 0, � = 0.1 eV) are shown as func-
tions of film thickness by the three solid lines from bottom to top,
respectively, at T = 300 K in the regions of film thickness (a) from
100 to 180 nm and (b) from 180 to 500 nm. The dashed line shows
the Casimir pressure in the absence of a graphene layer.

In the end of this section, we compute the value of a0,
where the Casimir pressure in dried peptide film vanishes, as
a function of the chemical potential of a graphene sheet for
different values of its energy gap. The computational results
are shown in Fig. 3 by the four lines from bottom to top
for � = 0, 0.1, 0.15, and 0.2 eV, respectively. As is seen in
Fig. 3, with increasing μ the quantity a0 decreases. However,
an increase of �, especially at small μ, results in significant
increase of a0. These results are in agreement with Figs. 2(a)
and 2(b) and show that although graphene coating increases
the stability of peptide film deposited on a metallic substrate,
nonzero values of the chemical potential and the energy gap of
graphene influence on this stability in the opposite directions
by increasing and decreasing it, respectively.

IV. THE CASE OF DOPED AND GAPPED
GRAPHENE COATINGS

In this section, we present the results of numerical compu-
tations of the Casimir pressure in a graphene-coated peptide
film deposited on an Au substrate in the most realistic
case when peptide contains some fraction of water whereas
graphene is characterized by nonzero values of both the en-
ergy gap and chemical potential.
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FIG. 3. The thicknesses of dried peptide films deposited on an
Au substrate and coated by a graphene sheet such that the Casimir
pressure in the film computed at T = 300 K vanishes are shown
as functions of graphene chemical potential by the four lines from
bottom to top for the values of graphene energy gap � = 0, 0.1, 0.15,
and 0.2 eV, respectively.

Computations are again performed by Eq. (2) where the
reflection coefficients are presented in Eqs. (4), (18), and
(19). First we consider the peptide film containing � = 0.1
fraction of water. The computational results for the Casimir
pressure (2) at T = 300 K are presented by the pairs of lines
labeled 1 and 2 as functions of film thickness in the region
(a) from 150 to 250 nm and (b) from 250 to 600 nm. The
lines in the pair labeled 1 are computed for graphene sheets
with μ = 0.02 eV and the lines in the pair labeled 2 for
graphene sheet with μ = 0.25 eV. In each pair, the bottom
line is for graphene with � = 0.1 eV and the top line is for
graphene with � = 0.2 eV. Note that graphene coating with
relatively low chemical potential μ = 0.02 eV was used in
the first experiment on measuring the Casimir interaction in
graphene systems [65]. The results of this experiment were
found in good agreement with theoretical predictions using
the polarization tensor of graphene [50].

Figure 4 allows one to trace the joint impact of nonzero
energy gap and chemical potential on the Casimir pressure in
peptide film containing 10% of water. The pair of lines labeled
1 is always above the pair labeled 2 because it is computed for
smaller chemical potential. Taking into account that in each
pair the top line is computed with a larger value of the energy
gap, it is again seen that an increase of the chemical potential
and the energy gap act on the Casimir pressure in opposite
directions. If to compare the pairs of lines labeled 1 and 2, it
is seen also that with increasing μ an impact of the energy gap
on the Casimir pressure is considerably reducing.

As is seen in Fig. 4(a), the lines of the pair labeled 2
(graphene coating with μ = 0.25 eV) intersect the a axis for
the film thicknesses a0 = 176.4 nm (graphene coating with
� = 0.1 eV) and a0 = 190.2 nm (graphene coating with � =
0.2 eV). For thicker peptide films coated with graphene sheets
the Casimir pressure becomes negative which corresponds to
attraction. For graphene coating with μ = 0.02 eV this hap-
pens for larger film thicknesses. From Fig. 4(b) it is seen that
the bottom and top lines of the pair labeled 1 (graphene coat-
ings with � = 0.1 and 0.2 eV, respectively) intersect the a axis
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FIG. 4. The Casimir pressures in peptide film containing 10% of
water deposited on an Au substrate and coated with a graphene sheet
are shown as functions of film thickness by the pairs of lines labeled
1 and 2 for the chemical potential of graphene equal to 0.02 and
0.25 eV, respectively, at T = 300 K in the regions of film thickness
(a) from 150 to 250 nm and (b) from 250 to 600 nm. In each pair, the
bottom and top lines are for graphene with the energy gap equal to
0.1 and 0.2 eV, respectively.

for the film thicknesses a0 = 321 and 493 nm, respectively.
Only for thicker films the Casimir pressure becomes attractive
in this case.

These results can be compared with those presented in
Fig. 3 for a dried peptide film. From Fig. 3 it follows that
for μ = 0.25 eV the values of a0 < 100 nm for any 0 � � �
0.2 eV. For μ = 0.02 eV from Fig. 3 it is seen that a0 =
249.4 nm for a graphene sheet with � = 0.1 eV and 419.0 nm
for a graphene sheet with � = 0.2 eV. Thus, in all cases
an addition of 10% of water to a peptide film substantially
increases the minimum film thickness such that the Casimir
pressure in it becomes attractive due to graphene coating.

For comparison purposes, we present the values of the
Casimir pressure P (mPa) in peptide film of 150 nm thickness
coated by graphene sheets with different values of μ and
�. The obtained pressures are the following: 39.84 (for μ =
0.02 eV, � = 0.1 eV), 71.10 (for μ = 0.02 eV, � = 0.2 eV),
5.608 (for μ = 0.25 eV, � = 0.1 eV), and 8.657 (for μ =
0.25 eV, � = 0.2 eV). It is seen that an increase of � with
constant μ increases the value of the Casimir pressure whereas
an increase of μ with a constant � decreases it in agreement
with the previously obtained results.
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FIG. 5. The Casimir pressures in peptide film containing 25% of
water deposited on an Au substrate and coated with a graphene sheet
are shown as functions of film thickness by the pairs of lines labeled
1 and 2 for the chemical potential of graphene equal to 0.02 and
0.25 eV, respectively, at T = 300 K in the regions of film thickness
(a) from 200 to 350 nm and (b) from 350 to 700 nm. In each pair, the
bottom and top lines are for graphene with the energy gap equal to
0.1 and 0.2 eV, respectively.

Next we consider the Casimir pressure in peptide film con-
taining � = 0.25 fraction of water. Numerical computations
were performed in the same way and using the same param-
eters of a graphene sheet as discussed above in the case � =
0.1. The computational results are presented in Figs. 5(a) and
5(b) similarly to Fig. 4. As is seen in Fig. 5(a), for graphene
sheets with μ = 0.25 eV, � = 0.1 eV and μ = 0.25 eV, � =
0.2 eV (bottom and top lines in the pair labeled 2) the Casimir
pressure vanishes for the films of thickness a0 = 267.5 and
278.7 nm, respectively.

From Fig. 5(b) we obtain that for graphene sheets with
lower doping concentration (μ = 0.02 eV) the Casimir pres-
sure vanishes for the peptide film thicknesses a0 = 403.2 and
581.5 nm for the energy gap of graphene sheet � = 0.1 and
0.2 eV, respectively (bottom and top lines in the pair labeled
1). A comparison with the previously obtained results for
peptide films containing 10% of water shows that an increase
of the percentage of water further increases the values of film
thickness delivering zero value of the Casimir pressure by
means of a graphene coating.

As expected, an increase of the fraction of water in peptide
film of the same thickness results in larger Casimir pres-
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FIG. 6. The Casimir pressures in peptide film containing 40% of
water deposited on an Au substrate and coated with a graphene sheet
are shown as functions of film thickness by the pairs of lines labeled
1 and 2 for the chemical potential of graphene equal to 0.02 and
0.25 eV, respectively, at T = 300 K in the regions of film thickness
(a) from 250 to 400 nm and (b) from 400 to 750 nm. In each pair, the
bottom and top lines are for graphene with the energy gap equal to
0.1 and 0.2 eV, respectively.

sures. Thus, for a film of 150 nm thickness containing 25%
of water one obtains P = 66.39, 98.67, 30.00, and 33.02
mPa for graphene coatings with μ = 0.02 eV, � = 0.1 eV;
μ = 0.02 eV, � = 0.2 eV; μ = 0.25 eV, � = 0.1 eV; and
μ = 0.25 eV, � = 0.2 eV, respectively (this value of film
thickness is not reflected in Fig. 5 aiming to illustrate the effect
of change of sign of the Casimir pressure due to graphene
coating).

As the last example, we consider the peptide film contain-
ing 40% of water (� = 0.4). The computational results for
the Casimir pressure are presented in Fig. 6 in the same way
as in Figs. 4 and 5. These results confirm that with increasing
fraction of water in the film the change of sign in the Casimir
pressure takes place for thicker films with the same parameters
of graphene coating. Specifically, from Fig. 6(a) one ob-
tains a0 = 334.0 nm for a graphene sheet with μ = 0.25 eV,
� = 0.1 eV and 344.1 nm for μ = 0.25 eV, � = 0.2 eV (the
pair of lines labeled 2). Similarly, from Fig. 6(b) one finds
a0 = 468.0 nm for μ = 0.02 eV, � = 0.1 eV and 662.8 nm
for μ = 0.02 eV, � = 0.2 eV (the pair of lines labeled 1).
For peptide films with a > a0 the Casimir pressure becomes
attractive due to the role of graphene coating and, thus, con-
tributes to the film stability.

245421-7



KLIMCHITSKAYA, MOSTEPANENKO, AND VELICHKO PHYSICAL REVIEW B 103, 245421 (2021)

V. CONCLUSIONS AND DISCUSSION

In the foregoing, we have developed the formalism allow-
ing calculation of the fluctuation-induced Casimir pressure in
the graphene-coated peptide films deposited on metallic sub-
strates at any temperature. Within this formalism, metal and
peptide are described by the frequency-dependent dielectric
permittivities and graphene—by the exact polarization tensor
in (2+1)-dimensional space-time found in the framework of
the Dirac model. For film thicknesses exceeding 100 nm con-
sidered in the paper, the Matsubara frequencies contributing to
the Casimir effect described by the Lifshitz theory are well in
the application region of the Dirac model. Because of this, the
used formalism can be considered as well justified and based
on first principles of thermal quantum field theory.

The developed formalism was applied to calculate the
Casimir pressure in the graphene-coated dried and contain-
ing different fractions of water peptide films deposited on a
metallic (Au) substrate. In so doing the cases of a pristine
graphene, either doped or gapped graphene (which possesses
either nonzero energy gap or nonzero chemical potential), and
also both gapped and doped graphene were considered. The
system of an uncoated peptide film deposited on a metallic
substrate deserves attention because the Casimir pressure in
this case turns out to be positive and, thus, corresponds to
a repulsion by making film less stable. The coating by a
graphene sheet is considered as a means to remedy this defect
which may hamper using peptide films of less than a mi-
crometer thickness deposited on metallic substrates in organic
electronics.

According to our results, the presence of a graphene layer
on top of a peptide film significantly decreases the value of
the Casimir pressure in the film. It is shown that for the films
of sufficiently large thickness a0 (which varies from about
100 nm to several hundred nanometers) the Casimir pressure
vanishes and for thicker films becomes negative by contribut-
ing to their stability. Numerical computations performed for
typical fractions of water in peptide films and representative
values of the energy gap � and chemical potential μ of
graphene coatings allowed one to conclude that with increas-
ing μ the value of a0 decreases whereas increase of � and
fraction of water in the film leads to larger values of a0.

These results have a simple physical explanation. The
point is that in the configuration of an uncoated peptide film
on a metallic substrate all Matsubara terms in the Lishitz

formula (2) are positive and, thus, contribute to a repulsion.
In the presence of a graphene sheet on top of peptide film,
the reflection coefficient RTM defined in Eq. (11) contains the
positive term due to the reflection coefficient r (gr)

TM on a plane
between vacuum and graphene and the negative term due to
the reflection coefficient r (1,0)

TM on a plane between peptide
and vacuum (a contribution of the TE polarization is much
smaller than of the TM one). For l = 0 the positive term in
RTM defined in Eq. (18) is dominant, so that starting from
some film thickness, when the zero-frequency Matsubara term
gives the major contribution to Eq. (2), the Casimir pressure
turns out to be negative, i.e., attractive. An increase of μ and
� leads to an increase and a decrease of the Matsubara term
with l = 0, respectively, resulting in respective decrease and
increase of a0. In a similar way, an increase of the fraction
of water a peptide film leads to larger ε

(1)
0 and, thus, to larger

magnitudes of the negative term in RTM(0, y) in Eq. (18). The
latter in its turn increases the value of a0.

Computations performed in Secs. III and IV made it possi-
ble to determine the joint action of graphene energy gap and
chemical potential, as well as the fraction of water in a peptide
film, on the Casimir pressure and reliably predict the combina-
tion of these parameters which result in the Casimir attraction
favorable for the film stability. Taking into account that for
a peptide film of 100 nm thickness containing 10% of water
at T = 300 K the fluctuation-induced free energy contributes
from 5% to 20% of the total cohesive energy of a film [44],
one can conclude that the role of fluctuation phenomena in
organic electronics is an important problem which deserves
further investigation.
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