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Attenuation of flexural phonons in free-standing crystalline two-dimensional materials
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We develop the theory for dynamics of the out-of-plane deformations in flexible two-dimensional materials.
We focus on study of attenuation of flexural phonons in free-standing crystalline membranes. We demonstrate
that the dynamical renormalization does not involve the ultraviolet divergent logarithmic contributions contrary
to the static ones. This fact allows us to find the scaling form of the attenuation, determine its small- and
large-frequency asymptotes, and to derive the exact expression for the dynamical exponent of flexural phonons
in the long-wave limit: z =2 — /2. Here 7 is the universal exponent controlling the static renormalization
of the bending rigidity. Also we determine the dynamical exponent for the long-wave in-plane phonons:
Z =2 —n/2)/(1 + n/2). We discuss implication of our results to experiments on phonon spectra in graphene
and dynamics of graphene-based nanomechanical resonators.
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I. INTRODUCTION

Following the discovery of graphene [1-3] and other
atomically thin materials [4], flexible two-dimensional (2D)
materials [5S] have been attracting a lot of theoretical and
experimental interest. These materials, the so-called crys-
talline membranes, have a peculiar elastic properties dubbed
as anomalous elasticity. The latter includes nontrivial scaling
of elastic modules with the system size, crumpling transition
with increasing temperature and disorder, nonlinear Hooke’s
law, negative Poisson ratios, etc. [6—21]. Currently there has
been substantial progress in further theoretical understanding
of static properties of crystalline membranes [22—41].

Contrary to extensive study of thermodynamics of mem-
branes, there are just a few works (at least to our knowledge)
devoted to membrane’s dynamics. The renormalization group
method developed to study the static elastic properties of
D = 4 — e-dimensional membranes (with € << 1) has been
extended to investigate dynamical exponent for out-of-plane
and in-plane phonons [42]. The dynamics of 2D membranes
has recently been studied within phenomenological Langevin-
type approach [43—46]. Intriguingly, the dynamical exponents
predicted in both above-mentioned approaches differ from
each other. To resolve the issue, the microscopic theory for the
attenuation of flexural phonons in 2D crystalline materials is
needed to be developed. One more motivation for such a the-
ory comes from recent measurement of the phonon spectrum
in graphene by the method of the high-resolution electron
energy loss spectroscopy [47].

A detailed theory for the attenuation of flexural phonons
(due to nonlinear effects induced by coupling between in-
plane and out-of-plane displacements) is not only of an
academic interest. Graphene and other 2D crystalline materi-
als are intensively explored as nanoelectromechanical systems
with relatively high-quality factors [48,49] (see Refs. [50,51]
for a review). Also a real-time height dynamics of a free-
standing graphene membrane has recently been monitored
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[52]. Although there could be many microscopic sources for
damping of graphene mechanical nanoresonators [53], the
flexural phonon decay is unavoidable source for intrinsic con-
tribution to damping.

In this paper, we develop the comprehensive theory of
the decay time (t;) of out-of-plane phonons in free-standing
2D crystalline membranes. We focus on an experimentally
relevant temperature range in which flexural phonons can be
treated classically, kgT > hw;. We establish an unexpected
result that the decay rate of long-wave flexural phonons is
independent of temperature and is of the order of the phonon
frequency, 1/t ~ wy. Also we determine exactly the dynam-
ical exponent for the long-wave flexural phonons: w; ~ k%,
z=2—n/2, cf. Eq. (62). Here k denotes the phonon mo-
mentum and 7 is the universal exponent controlling the static
renormalization of the bending rigidity. Also we derive similar
relation for the spectrum of in-plane phonons with the corre-
sponding dynamical exponent ' = (2 — 1/2)/(1 + n/2). As
application of our results we compute the time-dependent pair
correlation function of membrane’s height, cf. Eq. (63).

The outline of the paper is as follows. In Sec. II we formu-
late the model of elastic deformations of 2D membrane and
announce our main results. In Sec. III we remind a reader
the results for the static renormalization of the theory. The
computation of the flexural phonon attenuation is presented
in Sec. IV. We explain why there is no effect of dynamics on
the crumpling transition in Sec. V. In Sec. VI we compute
the time dependence of pair correlation function of out-of-
plane displacement. We end the paper with discussions and
conclusions (Sec. VII). Details of computations are relegated
to the Appendices. Throughout the paper we use unites with
kp=h=1.

II. MODEL AND MAIN RESULTS

The theory of elasticity of clean 2D crystalline mem-
branes embedded in d = 3-dimensional space is given by the

©2024 American Physical Society
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FIG. 1. A sketch of rippled membrane with dynamical fluctua-
tions (colored) and reference plane (gray).

following free energy [6-8]:
A
F = /‘dzx|:g(Ar)2 + Uloplapg + —uiai|. D

Here x is the d =2 coordinate vector of a point on the
reference plane while r denotes a d = 3-dimensional vector
parametrizing a point on the membrane (see Fig. 1). We intro-
duced the deformation tensor uqg = (9,191 — 848)/2, With
o, B = x, y. The bending rigidity is denoted by s¢ while A and
u are Lamé coefficients.

In order to describe the membrane which is not close to
the crumpling transition, it is convenient to separate homoge-
neous stretching (£) of the membrane, parametrizing the 3D
vector r as

rn=&x+u, n==%&+u, nrn==h )

Then the deformation tensor acquires the following form
Ugp = (&2 — 1)84p4/2+ii4p, Where (no summation over re-
peating indices is assumed)

fiap = %(Egdaltp + EqdpUle + dyhdph + duudgu).  (3)

An inhomogeneous deformation of the membrane is char-
acterized by the d =2 in-plane displacement vector u =
{u, uy} and the scalar out-of-plane deformation #.

In order to study dynamics of the in-plane and out-of-plane
fluctuations we will work within the path integral formulation
in the imaginary time. The partition function is given as

B
ZZIDU% u] eXp[—/ dr(g/cﬂx(a,r)%f)}.
0
“)

Here B = 1/T is the inverse temperature and p is the mass
density of the membrane.

Provided the membrane is in the flat phase away from
the crumpling transition, it is legitimate [6] to omit the term
dqudgu in Eq. (3). Similarly, one can neglect the contribution
from u to the bending energy. Then the free energy Eq. (1)
becomes quadratic in terms of the in-plane displacements. It
allows us to integrate over u in Eq. (4) exactly and to derive
the effective action for the out-of-plane displacement alone
(see details of derivation in Refs. [23,25]),

Z= /D[h]e‘s, S = 8o + Sayn, 5
where

.

/dzxcageas,s, bw = E2 = 1+ 3 Kl (6)
w.k

and

1
Sayn =3 ij(%k“ + o) he ol

Y [k x qT*
+3 2|2 hgesahoia) - (D)

Q,q#0] 0.k

Here cop = A+2udqp denotes the matrix of elastic stiffness
constants and ¥ = 4u(u+x)/(2u+A) is the Young’s modu-
lus. Also we performed the Fourier transform

he, T) =Y Iy, € ®0, ®)

wy k

where w, = 2w Tn are the bosonic Matsubara frequencies.
Here and in what follows, we use the short-hand nota-
tion Y, =T, [d’k/(2m)*. We note that the term
Y wi kalheo|? in the displacement ¢, is responsible for the
anomalous Hooke’s law.

Generally, due to dynamics of the in-plane phonons, the
interaction in the second line of Eq. (7), i.e., the Young’s mod-
ulus Y, depends on the transferred frequency €2, see Ref. [25].
However, as one can check, the static limit of interaction me-
diated by the in-plane phonons is enough for our computations
(see Appendix A for details).

The quadratic part of action (7) determines the “bare”
Green’s function in the Matsubara representation,

1

Griw) = ————.
x(iw) e+ ek

®
The corresponding retarded and advanced Green’s functions
are given as
1
p(w £ i0H)2 — sk’

Using Eq. (10) one can extract the spectrum of noninteracting
flexural phonons:

a),(:)) = Dik?,

G (w) = (10)

D= /»/p. (11)

Since the theory (7) is interacting, the exact Green’s func-
tion is related with the bare one by the Dyson equation

G (iw) = G ! (iw) — Ex(iw),
(G4 @)] ' =[G @] = = ). 12

In this paper our aim is to compute the frequency depen-
dence of the retarded self-energy Z,If (w). As usual, it is related
with ¥ (iw) by analytic continuation i — w+i0". The static
self-energy E,f (0) was studied in many works before. Itis well
established that the perturbation theory in powers of interac-
tion produces ultraviolet logarithmic divergences that can be
summed by means of the renormalization group (RG). The
emergent ultraviolet scale is the so-called inverse Ginzburg
length, g, = /3YT /(327 »2). Such RG-improved perturba-
tion theory results in a power-law renormalization of the
bending rigidity and Young’s modulus [7,9],

(k) = 3(qu /)", Y (k) =Y(qu/k)* ™, k<L g (13)

where the universal exponent n ~ 0.795+0.01 is determined
numerically [54].
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FIG. 2. A sketch of the range of momenta and frequencies w con-
sidered in the paper. The horizontal axis represents the frequency w,
corresponding to the momentum q: @, = Dg*(q/q.)~"* for g < q.
and @, = Dg? for ¢ > g..

It is convenient to introduce the frequency scale corre-
sponding to the Ginzburg length, w, = Dg?. Introducing the
dimensionless parameter characterizing the strength of quan-
tum effects for membrane, g = 21Y /(1287 +/ ps3) [22,24,25],
we find that w, = (4/7)gT . In what follows we will assume
that g <« 1 (e.g., for graphene g = 0.05). Also we will con-
sider the following range of momenta and frequencies, see
Fig. 2:

k<€ ge, ol <Ko <LT. (14)

Below we will call the regime (14) as the universal regime.
We demonstrate below that the retarded self-energy in the
range (14) can be written in the following scaling form:

ReZf (@) — ZF(0) = pwi Fi(w/ay),
M (@) = powrFa(w/wy). (15)
This is the main result of our work. Here we introduce
wr = DI (k/q) " ~ k%, z=2-9/2, (16)

that is up to an unknown numerical factor describes the
exact spectrum of a flexural phonon. The scaling functions
Fi1(z) and F;,(z) are even functions of their argument, satisfy
the normalization condition F;(0) = 0, and obey Kramers-
Kronig-type relations,

® dx o
f1(Z)=p.V-/ axz 2(x)’
oo T X —2

;2@:1”,/ dx _Ax)
—oo T 2(z —X)

a7

The qualitative behavior of functions Fi(z) and F,(z) is
shown in Fig. 3.

The relations (15) implies the following scaling form of the
exact retarded Green’s function:

-1
G (@) = _l|:w2 - a),%|:l - Fi <£):|+ia)wk]:2<g>i| .
1Y Wi [O)%
(18)

FIG. 3. The sketch of the behavior of the functions F;(z) (blue
solid curve) and F;(z) (red dashed curve). The exponent y is defined
in (32).

In the next two sections, Secs. III and IV, we will explain
how the results (15) can be derived and present asymptotic
expressions for the functions F ;. Physical implications of
the result (18) are discussed in Secs. V and VL.

III. STATIC RENORMALIZATION

The theory of static out-of-plane displacements was exten-
sively explored previously (see Ref. [28] for a review). In this
section, we remind a reader how these results, in particular,
Eq. (13), can be derived within frequency-dependent Green’s
functions.

Let us start from the self-energy contribution shown in
Fig. 4,

4
£V (w) = 23 [k ;( I NG Gasgio + ). (19)

4
Q.q

It is the first-order correction to the self-energy in the dynam-
ically screened interaction computed within random phase
approximation (RPA) (see Fig. 4),

Y/2
143y I0Q)/2

Here the “bare” polarization operator is given as

(20)

N, (iQ) =

I [k x g1
ng’)(isz):gz[ x4l Gr(i0)Griq(io + Q). (21)

4
w,k
Nq (i)
Eg)(iw): > {JJ\A:,\'LLLS >
311, (iQ2)
N(iQ) _  Y/2 V)2 Ny (i€2)

FIG. 4. Top: SCSA-like contribution to the self-energy correc-
tion. Bottom: RPA-like screened interaction.
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We emphasize that RPA-type screening is crucial in the region ¢ < g, since Y TI{"(0) ~

(g+/9)* > 1. Making the analytic

continuation in Eq. (19) to the real frequencies, iw — w-+i0, we find

SR () = _/d_Q d*q lkxql*
k T (271’)2 6]4

Here we introduced retarded dynamically screened interaction, Nf(Q) =

2 4
MORQ) = [ / dk [k xql { hz—ImGR(w)Gk+q(w+Q)+cot

Qm)* 3¢

is the retarded polarization operator corresponding to the Mat-
subara one, cf. Eq. (21). We note that N;‘(Q) can be obtained

from N;*(£2) by complex conjugation.
Setting in Eq. (19) the frequency w to zero, we obtain
d*q k% q1*

/ as Q
0 Qrr ¢

x Im[Nf(sz)Gk+q(sz)]. (24)

Rex " (0) =

In the classical regime, 7' >> |2| we can use the following
approximation: coth(€2/27) ~ 2T /2. Then we perform the
integral over 2 in Eq. (24) with the help of Kramers-Kronig
relation. Eventually, we find

d2 [kxq]
@2 ¢

Comparison of Eq. (25) with Eq. (19) shows that Eq. (25) fully
reproduces the result of static treatment.

A similar procedure can be performed for all other dia-
grams as well. For example, for the diagram shown in Fig. 5
we find (see Appendix B):

Rex}"*(0) = —27 N ()G 0). (25)

7y [(k+Q)xq]* [(k+q)x Q] [kxq]*

(2),R —
Res P (0) = — 4 " - "

q.0

k
o XOF e (0)6E, 4(0)

Gt 1q+0ONF(OINS(0). (26)

The analysis above can be extended to any self-energy
diagram with zero external frequency. Indeed, only the static
Green’s function and static screened interaction contribute
to the zero-frequency self-energy corrections in the classical
regime, w K T.

Grtqlic + iw)Giiqrqlic +iw + i)

FIG. 5. Non-SCSA-like contribution to the self-energy correction.

[ oth —ImNR(Q)GHq(ahLQ)—i— coth —QNA(Q)ImGHq(a)—i-Q)]. (22)

(Y/2)/[143Y H;‘D»R(Q) /2], where

2 (@)ImGE (0 + Q)}. (23)

(

As we discussed above, the diagrams for static self-energy
are logarithmically divergent and g, serves as the ultraviolet
cutoff. Therefore, it is worthwhile, at first, to sum up all
contributions to £(0), and only then to develop perturbation
theory for InZf(w) (see discussion of similar approach in
Ref. [42]). This idea implies that new “bare” Green’s function
for such “dynamical” perturbation theory reads

1
pwr+ skt

G (iw) = 27)

— Z0)  p(w?+w})’
where wy, is given by Eq. (16). We note that the perturbation
theory for Im X, (w) consists of the same diagrams as the one
for the full self-energy but, additionally, a number of diagrams
to avoid double counting is needed to be considered. We
discuss this issue in detail in Appendix C. Although, due to
counterterms such a diagrammatic technique is not convenient
beyond the lowest order in interaction; nevertheless, it has
an important advantage: As we will demonstrate below the
diagrams computed with the help of the Green’s function with
the statically renormalized phonon spectrum, Eq. (27), are
convergent in the ultraviolet.

IV. INTERACTION-INDUCED FLEXURAL
PHONON DECAY

Now we are ready to compute the imaginary part of the
self-energy that determines the decay of flexural phonons. The
source of decay is the four-phonon processes, see Fig. 6, due
to the interaction term in the second line of Eq. (7).

FIG. 6. Diagram illustrating a four-phonon process.
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We start from the diagram shown in Fig. 4. Taking the
imaginary part of the expression (24), we find the following
result in the universal regime (regions I, and I, in Fig. 2):

ImE(l)'R(a)) 2Ta)/dQ dzq [qu]4 ImH((IO)’R(Q)
k Q)2 ¢ |H((]0),R(Q)|2

ImGF (w + Q) o)

Qo+Q)
Here we substituted G by G©. Also the polarization operator
Hf; (2) is given by Eq. (23) with the Green’s function G
substituted by G@. Before analyzing the correction (28), we
discuss the frequency dependence of the polarization operator.

A. Polarization operator

Taking the imaginary part of the right-hand side of
Eq. (23), we obtain the following expression in the universal

regime:
ImIOR(q) = 219 / d*k_[kxq]' ImG;"" (@)
q Qrn)e ¢ ©

Img,ﬁoj 0+ Q) 09
X —
w+Q
Neglecting the external frequency €2 under the integral signs
in Eq. (29), we find the following asymptotic behavior at 2 —
0:

Q
—, 19 K€ . (30)

ImNO*Q) o« ———
q (§2) %2q2—2nqin w,

In the opposite case of high frequencies, we obtain

Q

2222 qin w,

where we introduced the exponent

1—
T 1- n /4
The detailed derivation of the above asymptotic results is
given in Appendix D.

Equations (30) and (31) together with analytic properties

suggest the following form of the polarization operator:

A, Tg. ™" Q Q
’l * 0) +1(0)

P +iP. . (33
Pl [ ! (‘%) 2 (wq>i| 33

Here we introduce numerical factor [23]
L'(1+n/2)I'(1 —n)
25t /w22 — n/2)L((3+1n)/2)

to ensure the normalization condition, 7)1(0) (0) = 1. As it fol-

lows from Egs. (30) and (31), the odd function P;O)(z) has the
following asymptotic behavior:

-y
ImIPF(Q) o ) . 191> 0, (3D

>~ (.256. (32)

H(O)R(Q)

A, = (34)

lz] < 1,

lz| > L. (35)

© 2,
P, (z) {sgnz 27

Thus the function Péo)(z) has extrema at |z]| ~ 1.

In order to determine the asymptotic behavior of the real
part of the golarlzatlon operator at finite frequency, i.e., the
function P )(2), we use the Kramers- Kronig relation:

272 dy Py”
PO =1+ Zp.v. / e (yz (36)
T o vy
Neglecting z under the integral sign in Eq. (36), we find
2 © dv d 7)(0)
PO@1+E [(2LED pcn @
mwJo ydy

At large magnitudes of the argument, we obtain (see Ap-
pendix D)

PO oz, zI > 1. (38)

We note that at high frequencies, €2 > w,, the polarization
operator is independent of the momentum, IV-A(Q) ~ Q7.
This fact can be naturally understood. One needs to take
the static polarization operator and substitute the momen-
tum ¢, (Q2/w,)/?=1/?) instead of ¢. The former momentum
corresponds to the mass-shell condition, 2 = w,. We note
that such situation is consistent with the dynamical exponent
z =2 —n/2 (see more detail in Sec. VI).

B. Result for the first-order self-energy correction
Now we turn back to Eq. (28). With known asymptotic

behavior of the polarization operator H;O)*R(SZ), we are able
to show (see Appendix E) that

ImE,((l)’R(a)) = pwwﬂ-‘é”(g), 39)
i

where the even function }"él)(z) has the following asymptotic
behavior:

FV(@) - FPO) 22, 12l < 1,

FP@) o277 2> 1. (40)

We emphasize that ImE,(c1 "R (w) is given by the ultraviolet

convergent integrals and, consequently, it does not involve the
frequency scale w,.

The real part of the self-energy correction can be
parametrized in a similar way as the imaginary one,

Rex " (w) — Rex " (0) = pa)k]:(l)< ) (41)
wy

Here the even function fl(l)(z) is related with }"él)(z) by
Kramers-Kronig-type relation,

/00 dx zFP (x)
V. —_— .

F@) =p - x_:
—00

(42)
Using asympotics of .7:2(1)(1) we find the following behavior
of F fl)(z) at small and large arguments (see Appendix E):

2
}-1(])(1) X {|ZZ|’V

We emphasize that the frequency integral in the Kramers-
Kronig relation (42) is convergent in the ultraviolet such that
there is no need in w, as ultraviolet cutoff for computation of
the function F 1(1)(1).

lz] <1,

2> 1. (@3)
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(a)

FIG. 7. (a) Correction to the polarization operator. (b) Correction
to the self-energy in the next order in the interaction

C. Analysis of higher-order diagrams

In general, there is no reason to limit computation of the
dynamical self-energy just by the lowest-order diagram shown
in Fig. 4. Moreover, even for that diagram, the polarization op-
erator should be computed in the next orders in the interaction.
We show examples of higher-order diagrams in Fig. 7. Al-
though the analytical computation of all necessary diagrams
is hopeless, we can compute asymptotic behavior of both the
exact polarization operator and the exact self-energy.

Assuming that frequency behavior of the self-energy is the
same as given by Eqgs. (40) and (43), one can check that the
exact polarization operator retains the same scaling form as in
Eq. (33) (see Appendix F for details). So we find that the exact
polarization operator can be written as

oR(Q) — T p (£ p, (5 m
q()—wlw—q'sz—q,()

where P;(z) and P,(z) are even and odd functions of z, re-
spectively. They have the following asymptotic behavior:

Pi(2) = PrO)(14+B?), Prx)=BYz, | <1,
(45)
and
Pi(z) =B lzI7Y,  Paz) = B sgnzlzl 7, 2l > 1,
(46)

where B(]Ofo) are numerical coefficients. We note that we do
not normalize P;(0) to be equal to unity. In virtue of the
Kramers-Kronig relations we find relations the numerical co-
efficients introduced above have to satisfy,

2 [ dx JoZ dx Py (x)/x
_Z ax B — _Jo 2
P1(0) - /0 » Pa(x), ) [ dx Pao)) (2)
(47)

and

> dt
B> =B, o, :/ —[(1+1) =1 —1|"].
0 Tt
(48)

Now we can use the results (44)—(46) in order to compute
higher-order diagrams for the self-energy whose examples
are shown in Fig. 7. Then for the exact Green’s function we
reproduce the result (18) (see Appendix G). The functions
F1.2(z) have the following asymptotics:

Fi)=CV2, F@) =FRO1+C02, |z,
(49)
and
Fi@)=C®)z)", F@)=C1z"" 2> 1, (50)

where C l(oioo) are numerical coefficients which satisfy the fol-
lowing relations:
o0
= 2 / d—xfg(x), =, (51)
T Jo X
We note that the numerical coefficients introduced above
for the asymptotic expressions of the exact polarization oper-
ator and the self-energy can be found within 1/d, expansion
for 2D membrane embedded into d. + 2-dimensional space
[9]. We present the results of such calculations in Appendix H.
So far we analyze the exact self-energy in the universal
regime (regions I, and I, in Fig. 2). The behavior of the
self-energy beyond the universal regime is controlled by the
lowest-order diagrams and discussed in Appendix L.

D. Attenuation of flexural phonons

The above results proves the form (18) of the exact Green’s
function and provides asymtotic expressions for the functions
Fi1.2. The exact Green’s function in the form of (18) implies
that the spectrum of flexural phonons at k < ¢, is given as
o = sw; where a complex number s solves the following
equation:

s> — 14 Fi(s) + isFa(s) = 0. (52)

The solution of this equation is a complex number s with,
generically, |s| ~ 1. It implies that the imaginary part of the
flexural phonon’s spectrum Ims wy is of the same order as
its real part, Res wi. In particular, if one defines the decay
rate 1/ = ImZ,’f(wk)/(pa)k), then one finds wyt; ~ 1. This
poses several questions: (i) Why do we not see implications of
such a short decay time in the theory of anomalous elasticity?
and (ii)) How can such strong decay of flexural phonons be
observed? We will discuss both questions in the next sections.

V. ABSENCE OF IMPLICATION FOR
THE CRUMPLING TRANSITION

The equilibrium stretching of membrane is determined by
the condition that average displacement, cf. Eq. (6), vanishes
in the absence of external tension

() =& =1+ Y killhiol?) = 0. (53)
w.k

This equation determines dependence of the stretching factor
3 2 on temperature as

£2=1— H{[Vhx, D). (54)
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The temperature 7., at which &2 vanishes, determines the
crumpling transition of a membrane from the flat to crumpled
phase. Computing (h(x, t)), we find

2 _ [ do k5 g @
([Vh(x,1)]7) —/ - (2n)2k ImG; (w) coth T
~ o7 4’k 2 / d_wlmg,f(w)
2m)? T w

— dzk 2 R
— 27 / oyt REGE©)

d*k  2Tk?

= —= =" 55
(27 )? »k*=ng] )

It is exactly the same result as in the static theory. There-
fore, the attenuation of flexural phonons does not affect the
crumpling transition. Similarly, one can demonstrate that all
the other static effects known as anomalous elasticity are not
affected by the phonon dynamics.

VI. TIME-DEPENDENT PAIR CORRELATION FUNCTION
OF OUT-OF-PLANE DISPLACEMENT

In this section we discuss the time-dependent pair corre-
lation function of the out-of-plane displacement h(x, ). We
start from the variance, (h%(x, t)). As it follows from Eq. (55),
(h*(x, 1)) diverges in the infrared such that

(h*(x, 1)) o« TL* g7 /3¢ (56)

Here L > 1/q. denotes the membrane’s system size. The
roughness exponent equals [28]

¢=1-=n/2 (57)

Next we consider a different time pair correlation function,

d*k . , wt w
sin“ — coth —
(27m)? 2 2T

x ImGf (). (58)

([h(x, 1) — h(x, 0)]*) = 2/ d?“’

Here the integrals are convergent both in ultraviolet and in-
frared. So we consider infinite membrane. Then integral over k
is dominated by k ~ [pw?/(3¢¢])]"/*=™, which corresponds
to the mass-shell condition w; = w. Therefore, we find

(1hGe, 1) — hex, 0)F) = 2W, (L) " f =
0

o\ »q! Tw
4-2n

L, ot
X w~ * sin ER (59)

where the constant
dx xC=1/2 Fy (x=24012)

W, 2/(; {1-x2[1-F (X_2+”/2)]}2+x4—’7]-"22(x—2+r;/2)'
(60)

Integral over frequency is dominated by w ~ 1/¢ such that we
find

([h(x, 1) — hx, 0)7) = Wn%[w*z]wz, (61)

*

where VT/n = —2%/cos(w¢ /)T (=2¢ /2)W, /7. We note the
exact relation between dynamical and roughness exponents,

zZ=14+¢=2—7/2. (62)

The result (61) is valid for long times w.t > 1. Since the
exponent 2¢/z = (2 —1n)/(2 —n/2) < 1, Eq. (61) implies a
subdiffusive dynamics of out-of-plane deformations.

One can combine Eqgs. (56) and (61) in the following form:

T
(lhCx, 1) — h(x, 0)]*) = ;szqgﬂa[w*t/<q*L)Z], (63)
where the scaling function E(y) has the following asymptotic
behavior:

const,
2¢/Z
y%/2,

y— 0,

E(y) x {

For shorter times, T~! « t < w_ !, the integral over the

momentum in Eq. (58) is still dominated by the mass-shell

condition. Since there is no renormalization of the bending

rigidity for k > g, we find diffusive-type dynamics at 7~ «
t Lol

T
([hGx,1) = h(x, 0)F) ~ ——w.1. (65)
nq:
We discuss significance of the above results in the next

section.

VII. DISCUSSION AND CONCLUSION

A. Comparison with the generalized Langevin approach

One could try to describe the low-frequency dynamics
of the 2D membrane phenomenologically by means of the
Langevin-type approach. The form (18) of the exact Green’s
function for the out-of-plane displacement 4 at low frequen-
cies suggests the following Langevin-type equation:

—pDI*(q. k)", i (1) = paogh(t)+k(qu /)" fi(2). (66)

Here D = F»(0)D and a white-noise random force has the
correlation function dictated by the fluctuation-dissipation re-
lation,

(Foe, OF (', 1) = 4TDps(t —t)s(x —x').  (67)

We note that in contrast with Langevin-type equation used
in Refs. [43-46], all terms of Eq. (66) contains explicit k
dependence. We emphasize that Eq. (66) can be only used for
study of long-time dynamics, wit >> 1, where wy is fixed by
the magnitude of a relevant wave vector, k ~ 1/L. In general,
one could try to derive the Langevin-type equation for the
considered problem with the help of Wyld technique (see
Ref. [42] for details) or, alternatively, by means of the Keldysh
path integral. We leave it for future works.

Another complication with application of a Langevin-type
equation to the description of dynamics of a 2D membrane is
nonlinearity (interaction of flexural phonos) which leads not
only to renormalization of the bending rigidity and attenuation
but also to real mode coupling [55,56]. The latter appears as
nonlinear terms in the Langevin-type equation.
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B. Attenuation of flexural phonons for membranes
of higher dimensions

The Wyld technique has recently been used for analysis of
classical dynamics (in the sense of inequality w < T) of a
D = 4 — e-dimensional crystalline membrane [42]. Analyz-
ing the perturbative renormalization group controlled by a
small parameter € < 1, the authors of Ref. [42] essentially
arrived at the same scaling form of the Green’s function, cf.
Eq. (18), and the same expression for the dynamical exponent
z, cf. Eq. (57). Together with our result, this suggests that the
scaling form (18) and Eq. (57) for z are valid for a membrane
of arbitrary dimension D > 2.

C. Attenuation of in-plane phonons

Due to the O(2) rotational symmetry existing for a mem-
brane in the flat phase [10], the renormalization of in-plane
phonons is intimately related with that of flexural phonons,
cf. Eq. (13). In order to find the spectrum of in-plane phonons
at low momentum, we use the relation o ~ k(Y/p)'/? in
which Y is substituted by 1/ Hf(w). We note that we do
not distinguish between longitudinal and transverse in-plane
phonons. Since, as we will check below, the frequency of
in-plane phonons is parametrically higher than that of flexural
phonons, one needs to employ large-frequency asymptote of
the polarization operator, Eq. (46). Then we find that the
spectrum of the longitudinal and transverse in-plane phonons

(at k <K q«+/T /) is given as

wl(cl,r) _ Slzw*< ky/> >Z’ S - 2 - 71/2).

’ g-NT (I+n/2)

Here s;, are some complex numbers. We note that the re-
gion of validity of Eq. (68) is determined by the inequality
Y Hf (a),((l”)) > 1. Also we note that the assumption w,((l‘t) >
wy is satisfied indeed. At k >> g.+/T /> the spectrum of the
in-plane phonons is not renormalized, w,((l’[) ~ k. Since at
such momenta, ®\" ~ ky/Y/p > w,, we use the following

estimate in this region: ¥ ImTTR (w(") ~ g,.v/T/(ky/7) < 1.
Thus, attenuation becomes

2
L T
w poy” \ kv ) "

We emphasize that in contrast with the case of flexural
phonons, the scaling of frequency with momentum in Eq. (68)
is different from that one could envision on the basis of static
renormalization of elastic moduli (13).

We expect validity of the result (68) for the dynamical ex-
ponent of the in-plane phonons for membranes of an arbitrary
dimension D > 2. For D = 4 — € our prediction contradicts
to the result of Ref. [42]. We believe that the origin for such a
discrepancy is that the static renormalization of elastic moduli
(13) was used in Ref. [42] to derive the spectrum of in-plane
phonons.

(68)

D. Flexural phonon attenuation beyond the universal regime

In the above discussion we consider the universal region
of small frequency and momenta, k < g, and ® < w,. Al-
though, such a situation realizes typically in experiments, it is

worthwhile to discuss the behavior of the imaginary part of the
self-energy at large wave vectors, g, < k < qr = ¢./,/gand
frequencies, w, < || < T (regions II and III in Fig. 2). The
estimates given in Appendix I result in the following behavior:

Dk2+ﬂ IIa

a2 | g o @ @ D2,
= DI I, : > DI > o,
2, My and I, : 0 < DK?, g, < k.

(70)

ImE}f(a))N

Interestingly, near the mass shell, the imaginary part of the
self-energy is enhanced by a factor k/g, > 1 (see Fig. 2),

R T?Y? k 2
ImE(0) ~ ———, o —Dk| <L o, (71)
3 g,
Estimating the attenuation coefficient of the flexural
phonon with the momentum ¢, Kk Kqr as 1l/5 =

IMER @)/ (po”), we find that oVt ~ (k/q.)’ > 1.
Therefore, there is almost no attenuation of the spectrum of
flexural phonons with high momenta ¢, < k < gr.

E. Benchmarking against experiments

In this paper we present detailed microscopic theory of
phonon attenuation in two-dimensional flexible materials. We
mention that the phonon spectrum in graphene has recently
been measured by the method of the high-resolution electron
energy loss spectroscopy [47]. We note that experimental data
demonstrate some broadening of phonon spectrum. However,
in order to perform detailed benchmarking of our theory, more
detailed experimental data of the spectrum around the I" point
is needed.

F. Implications for mechanical nanoresonators

It is instructive to estimate numerical magnitudes of impor-
tant parameters in our theory. Having in mind graphene as an
example of two-dimensional crystalline membrane, we find
that the Ginzburg length is 1/g, ~ 1 nm and w, ~ 200 GHz.
For L > 1/g., the frequency of typical out-of-plane defor-
mation can be estimated as wi~i;. & 3 MHz for a typical
size L =1 um. Also, Eq. (56) allows us to estimate typical
amplitude of the flexural deformations as # ~ 10 nm for the
same L = 1 ym.

Recently, the measurement of time-dependent out-of-plane
fluctuations in graphene has been performed by means of
scanning tunneling spectroscopy [52]. In agreement with our
theory, the long-time dynamics characterized by the pair
correlation function ([h(x,?) — h(x, 0)]>) was found to be
subdiffusive. However, the corresponding exponent was es-
timated to be equal 0.3 in contrast to our prediction 2¢ /Z >~
0.75. Several possible reasons for such a discrepancy might
be proposed. At first, the data in the experiment of Ref. [52]
contain two types of fluctuations: fast small-amplitude fluctu-
ations and slow large-amplitude excursions. While the former
can be assumed to be the thermal fluctuations studied in our
paper, the latter were related with spontaneous changing of
local curvature. Such local buckling is not taken into account
in our theory. Second, the scanning tunneling microscopy
tip can induce a local tension that affects the dynamics of
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thermal fluctuations. Third, the experimental data presented in
Ref. [52] were collected from multiple graphene membranes.
It is known [26] that a quenched random curvature is impor-
tant for graphene samples. Different graphene flakes in the
experiment of Ref. [52] could have a different realization of
a quenched random curvature (due to some disorder). There-
fore, one needs to study the dynamics of flexural phonons in
the presence of disorder. We leave more detailed investigation
of the effects discussed above for future work.

G. The effect of a nonzero tension

The theory presented in this work was developed for free-
standing materials in the absence of tension, o = 0. However,
if membrane is lying on a substrate with a hole, then the
substrate imposes a stress on a part of the membrane above the
hole. Therefore, the membrane experiences a nonzero tension
o.

As in the well-known Refs. [7,10,57], small tension, o <
0. = #q2, (i) suppresses the renormalization of the bending
rigidity at wave vectors k < g,, where ¢, = g,(0 /o,)//?™
and (ii) transforms the spectrum of flexural phonons into a
soundlike one, w,((") = k+/o /p. Therefore, there is no surprise
that tension affects the attenuation of flexural phonons. In
particular, one can derive the following estimate [58]:

ImE,’f[w,ﬁ")] ~ s k*, k< q,, (72)
where s, = (q./q,)". Therefore, the decay rate of the flex-
ural phonon at k < g, becomes

=m0 ]/[pey”'] ~

/7 = (k/goV o < .

(73)

Therefore, a nonzero tension results in parametric narrowing
of the spectral line for the flexural phonon. Interestingly,
the width of spectral line becomes temperature dependent
in the presence of a nonzero tension, 1 /r,f”) ~ T%, where
oa=n/2—mn)=0.67[58].

Finally, we note that there are other mechanisms for decay
of the out-of-plane displacement dynamics in nanoelectrome-
chanical resonators [59]. Their discussion is beyond the scope
of the present work.

H. Summary

To summarize we studied the attenuation of the phonons
in free-standing 2D crystalline membranes. We explored
high-temperature regime (relevant for experiments) in which
flexural phonons can be treated classically, 7 > wy. We found
that in the universal regime, k < g,, the broadening of the
flexural phonon spectral line is of the order of the spectrum
itself while at ¢, <« k < gr the broadening is parametrically
suppressed (see Fig. 8). Focusing on the universal regime, we
established the exact expression for the dynamical exponents
z, see Eq. (62), and Z/, see Eq. (68), for flexural and in-plane
phonons, respectively. We applied our theory to computation
of the time-dependent pair correlation function of membrane’s
height and found its subdiffusive behavior at long times in
qualitative accordance with the experiments. Finally, we dis-
cussed some future research directions.

Im GE(Q) x Im¥E(Q)

20

Transverse

Flexural

Q/w,

k/q.

FIG. 8. Sketch of the dependence of the phonon spectral function
on the momentum and frequency. For convenient normalization, we
plot InG}(@)ImEf(w) [Eqs. (18) and (68)]. We emphasize that
change of the spectrum of flexural phonons occurs at k ~ ¢, while
for the in-plane phonons it happens at k ~ g,/T /.
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APPENDIX A: THE EFFECT OF DYNAMICAL PART OF
INTERACTION BETWEEN FLEXURAL PHONONS
MEDIATED BY IN-PLANE ONES

In this Appendix we present an estimate for contribution of
dynamical part of bare interaction between flexural phonons
to ImZf ().

The self-energy correction in the first order of perturbation
theory is given by [see Ref. [25], Eq. (B6)]:

a2 d*q (k- 2
ImE’Em),R(w) / / q (k-q—gq ) q -k)2
(2 )? q*
ImR('"'”’"’")R Q) ImG;, (2 + w)
(@) ImGi . (AD)
Q w+ Q2
where
2u + 1)Q?
R‘(Immmm)(ig) =p Qu+ 2) . (AZ)
Qu + 2)g* + p2

This is one of the four additional interaction terms, but all of
them have the same scaling properties. For conciseness, we
will only evaluate this term.

As in the main text, we focus on the region k < g,. In
this domain, wy = Dk* < c;k = s, where ¢; = /Qu+1)/p
denotes the speed of longitudinal sound mode. We are mostly
interested in w ~ wy, since the decay rate is determined by the
frequency on the mass shell. First, we find the imaginary part
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of the retarded interaction:

TQ2u + A2
— ; 8(Q + sgg).

(—+

ImR{"™"-R(Q) = (A3)

The imaginary part of the retarded Green’s function becomes

ImGX () = Zpr ; 8(w + sw,). (A4)

We then substitute Eqgs. (A3) and (A4) into Eq. (A1) and
integrate over €2,

Imz(’n)»R(w) _ ClzTa) d2 (k : q - q2)2 (‘I . k)2
k - q q* )
k+q

327
x Z[B(Ssq + 0+ Wryy)
s==+

+ 8(s8q + 0 — Wig)].

(AS5)

We proceed by introducing new variables k = kn, g = kr,
7 = w/wy and by making the expressions dimensionless. We
also introduce the parameter oy = &;/wy > 1. In terms of
those variables, we obtain

=" (w) =

Tpa)ka)/ 5 [(r-n) = a}(r-n)*
= | d&
x 327 ré |r + n|*

x> [8(seur+z+Ir+n|”)
s==%1

+ 8(sagr+z — [r+n|?)]. (A6)

At large oy and z ~ 1, the argument of § function is zero
either at r ~ o > 1 or r ~ 1/a; < 1. In both cases, we can
approximate |r+n|> ~ r>+1.

Then the integral over the angle can be evaluated sepa-
rately:

27 212 2 3
r-n—r>)>(r-n) 2 1,
fo a2 ~{4 r<Lo g

r+n* — |z, > L

We then integrate over r using asymptotics (A7) and obtain
forz > O:

(WL),R - T 3

Im%, " (w) = —pwrw|2+ —(lz =1 +z+1)|. (AS)
32 4

We can see that the correction is small in virtue of the

small parameter 7' />c < 1. The same parameter controls other

corrections occurring from dynamics of the in-plane phonons.

APPENDIX B: EVALUATION OF THE STATIC LIMIT OF
THE DIAGRAM IN FIG. 4

In this Appendix we demonstrate how the static limit of
the diagram shown in Fig. 4 transforms into Eq. (26) at high
temperatures. The aforementioned diagram is given by

200 =—4 ) S(q, Q)Grig(i)Gri0(iQ)
q,.0,Q,0

X Giigrolio + iQN,(io)Ng(iQ),  (B1)

where for convenience we introduced

S(q, Q) = [(k+Q)xq)? [(k+q)x Q) [kxq)* [kxQ]?
) q2 Q2 q2 Q2

At first, we transform the sum over bosonic Matsubara fre-
quencies w into the integral along the real axis

. (B2)

d
0 = ~4 Y 5@ ONo(iGesoi®) [ 57
7.0.Q

w .
x coth (ﬁ) {Griqro(0+if)

x Im[NJ ()G}, ()]

+ Ny(@ — iQ)Grig(w — iQIMGE  o(@)}].
(B3)

Next, similarly, we transform the sum over bosonic Matsubara
frequencies €2 into the integral over real axis,

dQd Q
£P0) = -4 S Q)/ (27'()620 coth <ﬁ> coth (%)
7.0

x {Im[NG(Q)GR, o (R)GCE, 41 0(@0+Q)]
x Im[N ()G, ,(@)] + ImGf, 4 (@)
X Im[Ng(Q)GﬁQ(Q)N;(w — Q)Gyy (0 — )]}
(B4)
In the high-temperature regime (7 > |<2|, |@|) the hyperbolic
cotangent can be replaced by the first term in its Taylor series.

Then, using Kramers-Kronig relations, we perform integrals
over w and €2, and, thus, we derive (26).

APPENDIX C: FORMULATION OF DYNAMICAL
PERTURBATION THEORY

In this Appendix we demonstrate how the perturbation
theory around the Green’s function (27) can be formulated in
a regular fashion.

The “bare” Green’s function is related to the Green’s func-
tion defined in Eq. (27) by the Dyson equation with static
self-energy,

Giliw) = [G; (i) + Z(0)] (C1)

We can also rewrite this equation in terms of the infinite series
Gi(iw) = Gr(iw) — Geiw)Zg(0)Gk(iw) + ... (C2)

To compute the dynamical self-energy corrections, we
need to insert the series from Eq. (C2) into the series
for Xp(iw) — Zr(0) (see Fig. 9). Calculation of the imagi-
nary part, Im[Z,’f(a)) — E}f(O)], is more convenient because
Im%2(0) = 0.

The first term in the right-hand side of Eq. (C2) forms
a sequence of self-energy diagrams, where all the “bare”
Green’s functions are substituted by the one from Eq. (27).
These contributions are termed as the main terms. The next
terms in the right-hand side of Eq. (C2) produce additional set
of diagrams (extra terms).

The above statements can be illustrated by diagrams in
Fig. 9. In Fig. 9(a), the diagram of the first order in dynam-
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(a) i
El(iW) =
iw + i§2

FIG. 9. (Top) First-order of interaction self-energy correction,
(middle) second-order main term, and (bottom) second-order extra
term. Wiggly lines denote screened interaction (20), and solid lines
denote Green’s functions (27).

ically screened interaction is shown. There is a solid line in
the “bare” Green’s function G. Substituting it with the second
term in the right-hand side of (C2), we produce the second di-
agram in Fig. 9(b). We note that the extra diagram is formally
of infinite order in dynamically screened interaction, since it
involves the exact static self-energy. In the same way diagrams
of the second order in the dynamically screened interaction
produces extra diagrams with the exact static self-energy.

Now we argue that extra terms do not spoil the scaling
of the main self-energy corrections in the universal regime
q < g Indeed, the static self-energy, X (0) = »k* g, has
the same k dependence as the dynamical self-energy at the
mass shell, w = wy. Similarly to the main terms, the frequency
integrals in extra terms are still dominated by the frequencies
corresponding to the mass-shell conditions. Therefore, extra
terms produce the same scaling between frequency and mo-
mentum as the main ones.

The same argument allows us to work with screened
Green’s functions (27) (instead of the “bare” ones) in the
polarization operator (29).

APPENDIX D: COMPUTATION OF ASYMPTOTIC
EXPRESSION FOR THE POLARIZATION OPERATOR (33)

In this Appendix we present a derivation of Egs. (30) and
(31). Using Eq. (A4) for the imaginary part of the retarded

Green’s function, we obtain from Eq. (29),

R nTQ d*k [k xql* 1 1
Iml'[q(Q) = 2 2 4 4 4
12¢,7 ) Q) gt 2k xlk + gt
X ) [8(sQtwx — Wpq) + 8(sQt i1y
s==+1

(D1

In order to calculate this integral, it is convenient to intro-
duce new variable y = |k+¢q|. We note that the Jacobian of
this transformation is

k)| _ 2y
ak,y) kgsing’

The factor of 2 emerges because the integrand is an even
function of the angle, and our substitution is single valued
only in one half-plane. In terms of new variables integral takes
the form

(D2)

Im I'IR(Q) T L/ydydk—3
24 q q y47'7
X D [8(sQ + o — wy) + 8(sQ + @k + wy)].

s=%
(D3)

We then proceed by making the integral dimensionless by
introducing variables z = Q/wg, x = k/q, a =y/q. We also
rewrite sin’ ¢ in terms of new variables. Then we obtain

\x+l|
dx/
24x %261 612 2”/ 1] 03 ! i

§=

Im n{;(sz)

x [8(sz+x*"1% — a*711?)

+ 8(sz4+x> "2 4a*1?)]

3/2
! X n 1 a*\’ /
x[(1—|z4+——— .
2 2x 2
The integral in this form can be evaluated in different limits.
For z — 0, we find

(D4)

W

Im IT7(92 -
m T, (€)= 247 22qY g2~ Zn/ /|;1 a’n

x 1 a2\’ 2
1_ - -
X[ <2+2x 2x) }

X [§(x272 — g* /). (D5)

This integral can be computed exactly. This way we obtain
[P(O)(z) is defined according to Eq. (33)]

PP~z

O _ 227312122 — /2T (3/2410/2)I(3/2 — 51n/4)

T (L= /AT U4+n/2)0A = T4 — 5n/4)
(Do)

In the opposite limit z 3> 1 the integral is somewhat more
complicated. In this case we will return to the representation
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of the integral in terms of the momentum and the angle

T Z o0 +1 T . 4
_— dxx" dosin® ¢
247'[ %251 q2 2n 0
270/2 — (k% 4+ 1+ 2xcos @) /4]
(x2 + 1 + 2x cos @)>~1/2

ImIM}(Q) =

Slz—x

(D7)

The other delta functions were excluded because they give
subdominant contributions to asymptotics. It can be seen that
due to the & function, integration over x sets X272 z/2.
Hence, we find

T k4
247 (4 — T]) %2513’7512—277

@
X/o do @27 sin” ¢.

Im IT(Q) =

(D8)

Integrating over ¢, we obtain

7)2(0)(2) ~ Cr(IOO)Zf(lfn)/(lfn/‘l)’

2=/ A=n/4) /7722 — n/2)T(3/2 + 1/2)

Cc —
! @ =mIA+n/2)rd —mn)

D9)

In order to find the real part of the polarization operator,
Pfo) (z), we will use the Kramers-Kronig relation,

272
PO() =14+ Zp.v. /
T 0

P;O)(y) /v, then we find

dy Py ()
y 2 =22

(D10)
Let us introduce p,(y) =

> d
Pf‘”(z)=1+3/ D+ —pe—21. DI
T Jo Y

At z — 0 we can expand the right-hand side of the above
equation in z and find

7><°><z>~1+— / [p2<y>+ p’“(y)]. (D12)

We note that for n = 0 the integral fooo dy p,(y)/y = 0. For
n # 0 it is nonzero, and

272 y[

PO(z) =14 = P/ (D13)

At z > 1 we shall use the following relation:

7’1(0)(z)=/
0
o “d
:/ —yP§°>(y+z,)—/ PO —y)
o Ty o 7y
7’2(0)(y—z).
y

> d
v 2
. 7

d
n—i[ PG +2)+ PV - 2)]

(D14)

Now we estimate the integrals using the asymptotic (D9) of
POyyaty > 1,

=Py +2) = > / —
/o y ? "y yo 42

.oz
~ G lng—yE—ww],

“dy o o dy
=Pz - ):C(‘X’)/ -
/5 y ? YR e =y

~C™®z7|In % - H(—)/)],

=Py -2~ (“)f —
/z y ? . Yy —2)

~ ey T (D15)
K sin(wy)
where we note that y = (1 — n)/(1 — n/4) < 1. Also H(n) =
>, 1/i denotes the harmonic number. Therefore, we obtain
atz > 1

PO(z) o T (D16)

We note that due to the presence of Inz contributions in
Eq. (D15) it is not possible to determine the exact prefactor
in the asymptotic expression for P( )(z). Nevertheless, our
approach guarantees to give us the correct power-law behavior
of Pfo)(z) atz > 1.

APPENDIX E: COMPUTATION OF ASYMPTOTIC
EXPRESSION FOR THE SELF-ENERGY (39)

In this Appendix we present derivation of asymptotic
expressions for the functions ]-"l(l)(z) and fz(])(z). We use
the approach similar to Appendix D. At first, we intro-
duce new variables z = w/wi, x = q/k, a = y/k, where y =
|k+q|. Then after integration over €2 in Eq. (28), we find

Im =" (w) =

POWg / x> 21dxdasin® ¢

6A,7? a’n
xS a0 LE s>~ !
—t X2 (z + sa*=/2)’
(ED)

where X©(y) = P{" (/[P () +P5” ()I?]. Below we
are not interested in numerical factors for reasons discussed
in Appendix C. Therefore, prefactors from now on will be
omitted.

The integral in the form of Eq. (E1) can be evaluated in
different limits. For z << 1 we neglect z under the integral
signs and obtain

pwwy [ x> Hdxdasin® ¢ xol(@ 2-nf2
3A,m2 a’=31/2 2 x '

(E2)

Im 2,&1)'1?(0)) =

This integral converges. Therefore, for small z the imaginary
part of the self-energy behaves according to Eq. (40).
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In order to analyze the limit z > 1, we neglect a in com-
parison with z wherever it is possible. Then we obtain

22
Imz/ﬁl),R(w)z,Oa)a)k /oodxx ﬂX“”( F4 >
0

34,72 z x2n/2

i

X/Hl da ! a*—1—x
x=1] a’n 2x
(E3)

To obtain the asymptotics of the above expression, we evalu-
ate the integral over a in two domains, x < 1 and x > 1,

3/2
/"+1 da | (az—l—xz)2 / N 3%, x L1,
x—1] a3*’7 2x %, x> 1.
(E4)

Since we are only interested in the power dependence of the
imaginary part of the self-energy on frequency, z, we will
integrate the asymptotic expression (E4) within the limits of
the applicability of the approximation. Thus, we neglect the
difference of the function from its asymptotics in a paramet-
rically small region where this function has no singularities.
Then we find

~1 3-2n
0w X Z
=
34,72 | Jo z x2-n/

T L yof 2 ES
Ll )| B

Next, we use asymptotics of the polarization operator, cf.
Eqgs. (35) and (38), to obtain

7Y ~1 *© dx
’\./pwwk? /(; dxx—i—/Nl W

~ pwwg(w/w)? " (E6)

Im E,ﬁl)’R(w)

In order to find the real part of the self-energy and to derive
Eq. (43), one can employ the similar analysis as presented in
Appendix D.

APPENDIX F: COMPUTATION OF ASYMPTOTICS FOR
THE EXACT POLARIZATION OPERATOR (44)

In this Appendix we present arguments for the scaling form
(44) of the exact polarization operator and compute its asymp-
totic expressions. Let us consider the polarization operator
computed as a bubble of the two exact Green’s function, cf.

Eq. (29):
ImMOR(Q) = ZTQf d*k [k x q]* ImGR(w)
(% I ®

ImGE, (& + )
X ————— .

F1
o+ Q 1
For simplicity, we denote
ImGF 1
ImGi (@) _ 1 A(ﬁ), (F2)
&) pwy Wk

where

F(z)
A(z) = . F3
Q)[ﬁ+ﬂ&%4f+ﬁﬁ@ )

In order to make the integral dimensionless, we introduce new
variables: y = g4k, z = Q/w,, T = w/wy, k =xq, y = aq,
where a = (14+x242x cos ¢)'/2. In terms of new variables the
integral can be rewritten as

ImII®R — dxd(p sin*(¢)
1 3(27'[)3%2 2 —2n xl 37]/2616 3n/2

Z+T
A= W)A(az_m). -

First, we consider the case z — o¢. In that limit we find

IOk — 2Tz dxdg sin*(@)x'*"
q 2 2

3(277)3%2 ab—3n/2

(1) Z dt 1) T
y (aQ_m) [,

The integral over t converges and provides essentially a
constant factor for the integral. Taking into account the fact
that the integral is dominated by a®>~"? <« z and x > 1, we
substitute the asymptotic form of A(x),

A@x) ~x"7, x> 1. (F6)

In the region x 3> 1 we can substitute a with x, thus sepa-

rating integral over ¢. Making these approximations, we find
asymptotics of the imaginary part of the polarization operator

as follows:
Tz / ?
32 qin g2 i

y—5
z T
PR ~ — -V
) <x2"’/2) g wt &0

1/@-n/2)
dxx!*tn

(b).R
ImIT o

q

In the limit of small frequencies, z — 0, we find

ImO®R — / /dxdq) sin*(p)
1 3(271)3%2 q*2 x1-3n/246-3n/2

T T
(] W>Am<az_m) o w

Therefore, using the exact Green’s functions we reproduce
exactly the same asymptotic expressions for the imaginary
part of the polarization operator as we found in Appendix D.
Furthemore, due to the Kramers-Kronig relations, the scaling
of asymptotic expression for the real part of the polarization
operator is also the same as given in Appendix D. We note that
consideration of more complicated diagrams for the polariza-
tion operator does not change the scaling.

In order to draw any conclusions we also need to check
whether self-energy behaves in the way consistent with the
form of the exact Green’s function. This will be done in
Appendix G.
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APPENDIX G: COMPUTATION OF ASYMPTOTICS FOR
EXACT SELF-ENERGY (15)

In this Appendix we present arguments for the scaling
form (15) of the exact self-energy and compute asymptotic
expressions for the functions Fj »(z).

Following the same analysis as in Appendix F, we rewrite
Eq. (28) as

2T dQ2
ImE,(cl)’R(a)) -T2 / —
3 /4

ImITR(Q + )
MR @+ o)

d*q [k x q]* ImGX ()
2n)? |k + q|* Qo+ Q)

(GI)

Here we use the exact polarization operator and exact Green’s
function. We use Egs. (F2) and (44) to rewrite the above
expression as

2wiqY [ d*q [k x q)*
(DRp N *
MEO= T ) Gy kg
o P2 A
x/— (2*") (3"). (G2)
T PR (w+Q) @

In the limit @ — oo we use the fact that integral is dom-
inated by the region w > || ~ w,; ~ wi. Therefore, we can
use the asymptotic expression for the polarization operator,
found in Appendix F,

20:2¢)" [ d*q [k xql'
3p 2 )? |k + q|>*+2
o \ 1 d
x( ) —[Fan. ©
Wktq) OO T

q

Imz, () ~ -

where y = Q/w,. In virtue of Eq. (F6), the integral over y
converges. Introducing new dimensionless variables g = kr
and k = kn, we obtain

-l dr [nxr]*
IR () ~ hd /
@ poa @ I+ r3r=n

d
X / —y.A(y).
T

Therefore, we reproduce Eq. (50).
In the opposite limit of small frequencies, v — 0, we ne-
glect @ under the integral sign in Eq. (G2) and find

(G4)

ImZ,((l)’R(w) ~ POWY. (G5)

Now using the Kramers-Kroning relations (42), we find at
2> 1

® dz 222 F>(x)

Fi(z) = p.v. ~ ™7,
l(z) pVA T xz_zz 1 Z
™ =c*o,, (G6)
where
®dy 2yY °° dt
®, =p.v. — = —[A+) — |1 —¢]"].
, pv/o e /Om[(+> -]

(G7)

Next, applying the Kramers-Kroning relation again, we obtain

© dz 2F(x)
72— 2

Fa(z) = p.v./ ~CP7 7 'd, . (GY)
0

In order for Eq. (G8) to be mutually consistent with
Eq. (50), the function ®,, has to satisfy the following relation:
®,®,_; = —1.Itis indeed the case. Note that o_, = —,,.

The ongoing analysis has demonstrated that the inclusion
of self-energy correction in a self-consistent manner yields
identical asymptotic outcomes for both the polarization op-
erator and the self-energy. This convergence indicates that
universal scaling properties of the exact Green function are
reproduced by SCSA-like diagrams. Extending this finding to
encompass all correction diagrams requires recognizing a key
observation: For every SCSA-like diagram, corresponding
non-SCSA-like diagrams exist, characterized by the equiva-
lent number of interaction “wiggly” lines, external momenta,
and frequencies. This equivalence stems from the inherent
limitation that interaction cannot transmit zero momentum.

Considering the power-law behavior of the self-energy
correction in terms of frequency and momentum, instilled
by each SCSA-like diagram, the same behavior should be
replicated by non-SCSA diagrams. Thus, the distinction lies
mainly in numerical factors, with non-SCSA-like diagrams
impacting only these specific coefficients.

APPENDIX H: COMPUTATIONS WITHIN 1/d, EXPANSION

In this Appendix we derive asymptotic results for the
functions P »2(z) and Fj(z) within the 1/d. expansion. In
order to employ it, we consider 2D membrane embedded into
d. + 2-dimensional space. Then 1/d. can serve as the control
parameter of the perturbative expansion in the screened in-
teraction [9]. In particular, the bending rigidity exponent 7 is
known to have the following expansion expansion [31]:

2 73-68:(3
p= 2 4 B3=680)

d. 2742 HD

Consequently, from Eq. (32) we find the following expansion
for the exponent y:

3 25-17¢(3)
2d. 9d2

y =1 (H2)

In Appendix F we derived the exact form of the po-
larization operator. For its imaginary part we obtained the
asymptotic expressions (45) and (46). In the limit d. — oo
we can express Pj 2(z) as a series expansion in terms of 1/d,.
For example, for z > 1, we find

1
Pi() =B = [B§?g> B+ ]
C

: 1+ o |z| +
X — n
z 2d, ¢

and similar expression for P (z).

Since 1/d, is a perturbation parameter, we can derive co-
efficients B(Zf’g) and B(z(_)()) by simply considering polarization
operator, consisting of “bare” Green’s functions. Thus, for the

(H3)
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imaginary part we obtain
d*k [k x q]* InG{(w)

B 2dCTQ / do
- 2r J Qmn):  ¢* w

Ime+q(w+ Q)
X _—
w4+ Q

where the imaginary part of “bare” Green’s function is given
by (A3). Performing integrals over frequency @ and momen-

tum k, we derive
T oo £
222 w. ]
q

Here the function P(O) 0(z) is odd, and for z > 0 it is given as

ImIP ()

; (H4)

ImI"A(Q) = (H5)

1, z< 3
2
d.z (1-22"z+1)
7;2<0>,0(Z)=% 1+T, 5 <z<l,
(Bz+1) | <
g <z
(Ho)

We use Eq. (H6) in order to derive the expansion of the
coefficients Bg()) and B;OC) in powers 1/d.. In particular, we
obtain

d, d,
BY = ot o), B = at o0(1).

In order to find the expansion for the coefficients Bio)

and BEOO), we need to compute the real part of the retarded
polarization operator at finite frequency. With the help of the
Kramers-Kronig relation, we find

% o IMMOR (o)
RerIO)’R(Q):p.V./ o e 7
o T w—Q

_ T poof(£
o2 ! w, )’
q

where the even function 731(0)’0(1) is given explicitly as

(H7)

(H8)

P =

274+ 1%z —Dlin|l +2z| + 8
192 |:(z+)(z )n|+z|+z

—(2z—1*Gz+ DIn|1 — 2z

:| . (H9)

Expanding Pfo)’o(z) in series in powers of z, we obtain

1
+62(1 —2%)In 1+Z

—Z

PO00) = —= +o(1), B =o0(). (H10)

6
Next, expanding at z >> 1 we derive Pl(o)’o(z) ~ —d.z%Inz.
We see that it is a subleading contribution as one can see from
Eq. (H3). Therefore, in order to find B§°°), straightforward
usage of the result (H9) is not possible. Instead we apply the
relation (48) and the following asymptotic expression for the
function ®,,:
o L 1.

2
Qo> —, (HID)
o

Then we derive the following result:

(00) d:
B> = ——— +0(,).
! g6 T O1)
A similar procedure can be employed for the imaginary
part of the self-energy correction. Let us consider the lowest
order (in 1/d.) correction,

(H12)

2Mw (dQ [ d?q [kxq]* ImTTVR(Q)
30 =) @ery ¢t |n®kg@)

Imz"* (o) =

Imeﬂ(a) + Q)

Qo+ Q) (H13)

Substituting (A4) into (H13) and integrating over frequency,
we obtain

Ta) dzq kxq]*

Qrp ¢
ImH‘(IO)’R (a)+sa)(0) )

X Z 072 =~

s=t1 q+k “H‘S“’(O) %) |H;O)’R(w+sw¢(£r)k)|2.

(H14)

mE ) (w) =

In the limit w < @y we can neglect the external frequency w
under the integral sign and obtain

0),R(,.0)
ImZ(I),R(w) _ 2Tw dzq [k x ¢I]4 Imnl(]) ( q+k)
k = 2 4 (03 [0k, (0)
3p @m)* ¢ Dytk |Hq (wq+k)|
(H15)

Then with the help of Eqs. (H6) and (H9) the integral over ¢
can be evaluated numerically. Hence, for v < wy we obtain

Imz (R () ~ 1.57222% (H16)
Using the above asymptotic result, we find
1.57 1
F2(0) = p + 0 d2 (H17)

In order to determine asymptotics in the opposite limit,
® > wy, we neglect wgyx in comparison with  under the
integral sign. Then we find

2T [ d%q [kxq)* ImITF ()

m= (o )_ .
(2n)2q w(0)2 |H(O)R( )|

(H18)

We proceed by substituting Eqs. (H5) and (HS) into the
above expression. It is convenient to introduce new variables
k =kn,q = kr, 7 = w/wg. Then we obtain

2 d*r [nxr]*
1 E(l)’R _ = 2
MO =37 P% | G R Pl

3d,
X PEO)’O(Z/ﬂ) .
[P0 e/r)] + [P )

In the limit z 3> 1 we can use asymptotic expressions for
Pé) (z) and 77( 0(2) [see Eqgs. (H6) and (H9)] since the

H19)
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(a)

FIG. 10. Diagrams for self-energy in the second order of interac-
tion with nonzero imaginary part.

integral is dominated by r <« /z. Thus, we obtain

do sin* ¢

327 0 2
5 pwi / rdr/ 5
3d.m 0 0 (r24+14+2rcosg)
(H20)

mE R (w) =

The integral over angle ¢ can be easily evaluated:

2 -4
sin 3r <
/ do L4 =27 L s gy
o (r24+142rcosp)? 4 |r7, r>1
Finally, we obtain the asymptotic expression
ImE,(cl)’R(a)) ~ —d POWE, ©® > wy. (H22)
Using the above expression, we derive
8 1
) = o). H23
2 xd. * d> (H23)

In order to find the expansion of C foo) we use the relation (51).
Then using Eq. (H11), we find

o) 32 1
=" 410(-). (H24)

3n2 d.

APPENDIX I: CALCULATION OF THE IMAGINARY PART
OF THE SELF-ENERGY BEYOND
THE UNIVERSAL REGIME

We have shown that in the region g > g, or Q> w,
screening of the interaction is negligible in virtue of the con-
dition Y T1,(€2) < 1. Therefore, we could calculate decay rate
for flexural phonons in this regime using perturbation theory.

In the first order in interaction the correction to the self-
energy is real. Thus, in order to calculate the attenuation, we
need to study the second-order corrections. There are two dia-
grams in that order with nonzero imaginary part (see Fig. 10).
In this Appendix we will the present results for the diagram (a)
only since the diagram with crossed lines (b) is of the same or
smaller magnitude.

We start from the following expression:
k x q1* Iml'lfj(Q)
q* Q

M= (@) ~TY?w / ds / d’q

ImGE , (w + Q)
o gtk T an
w+ 2

We first consider the case k > g, (regions II, and III in
Fig. 2). Making the integral dimensionless, we obtain

) = () oo o), 2

where z = w/wy and wy = Dk?. After straightforward calcu-
lations we obtain asymptotics

(@ const, 7] < 1,
~ 1
f2 (Z) {1/22’ |Z| > 1. ( 3)
Therefore, in the regime k > g, we find
o 2
mE (@) ~ (| ————— ) pway. (14)
max{w, wg}

This form suggests that the obtained correction is small in
virtue of a small parameter g,/k < 1 that controls the per-
turbation theory.

In the region k < ¢, and o > w, (region 11, in Fig. 2), we
need to account for renormalization of the bending rigidity.
Thus we obtain

T2y? kxql* 1
M@ () ~ —2 / PLEL

N

w + sw 1
P 1 ) 15
X; 2(D|k+q|2>a)+sa)q 1)

The integral over momentum is dominated by g ~ k, and,
therefore, we have to use w, = Dg?>~"/*q!’*. Evaluating the

integral over g, we find

k

n Dk2
Iz () ~ pwi<q_) o

0]

a6)

*

Special care is needed for calculation of the imaginary part
of the self-energy at the mass shell ® = wy > w,. As one can
see, the following contribution:

T%Y?w P2 lk x q1*
22 q q°

— 1 1
x Py (‘“"*" “”‘) an

2
Wyq ,oa)q Witq — Wk

Im E,E“)‘R (w) ~

diverges due to singularity at ¢ — 0. To fix this problem, one
has to work with the full RPA screened interaction. Then we
obtain

Y AmIT (0 4q — k)
|1+ 3V TR (gt — w1)/2]°
1 [kx q]4 1

2 4
pwk+q q

M= (@) ~ Ty / d’q

as)

Wk — Wi+q

The integral over ¢ is now dominated by g ~ ¢, rather than
q = 0. This justifies the usage of the full form of the RPA
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screened interaction. Using asymptotics for the imaginary part
of the polarization operator, Eq. (46), we obtain final result

k
ImZ " (@) ~ pal—. (19)

*

This result is valid for |0 — Dk?| < w, since in that region
integral over ¢ is also dominated by g ~ g, and the same
approximations have to be employed.
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