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Low-frequency noise in a phonon system of disordered insulators
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The influence of slowly relaxing structural defects on some nonelectric properties of solids is considered.
Fluctuations of phonon occupation numbers caused by energy exchange between the phonon system and the
slowly relaxing excitations are analyzed. Fluctuations of the structure parameters caused by structural relax-
ations are studied. A model for the low-frequency flicker noise of Brillouin light-scattering spectrum is sug-
gested, which relates it to spatial and temporal fluctuations of the elasto-optic coefficient. The results are
compared with existing experimental data.

I. INTRODUCTION Application of these approaches to noise in metallic nano-
structures was performed in Refs. 16,17.

It is well known that there is the low-frequency noise with  The models mentioned above dealt with “nanoscale”
a spectrum close to flhearly in all physical system’s>The  fluctuators, which involve a relatively small number of at-
microscopic picture of this so-called flicker noise differs oms. However, more complex and extended defects like dis-
from one physical system to another, so that it is alwaydocation lines pinned by point defects may be important.
important to understand what the origin of the flicker noiseTheir possible role for ¥/ noise was analyzed, e.g., in Ref.
in a given system is. Until now the most intensive studiesl8.
and, correspondingly, the most fascinating achievements It is important that while discussing structural-disorder-
were related to the electric noise in conducting solids. It wasnduced noise one deals with the source of noise which is
established that while the specific picture of the flicker noiseexternal with respect to the electronic system itself. It is
differs from one physical system to another, the general fearather “noise of the structure” or “medium-induced noise,”
ture is that the noise is caused by the slow dynamics of somwhich causes “medium-mediated correlation” in the electron
statistically independent, affecting the carrier transport, obsystent® introduced by the scatterers. In particular, relatively
jects with internal degrees of freedom and exponentialljong relaxation times inherent for the structure are imposed
broad distribution of relaxation times. In the more specifiedon the electron system.
forms this was first formulated as a hypothesis by Still, theoretical studies of disorder-induced flicker noise
Bernamount and McWhorter. This hypothesis was recently were mainly concentrated on the electric noise. Meanwhile,
proved by experiments on very small systems where a dehe structural fluctuations influences neaaly properties of
composition of the flicker noise into a sum of contributions solids because nearly all properties depend on the structural
each related to the given independent defectcalled “fluc-  parameters. In particular, “structural-disorder-induced” noise
tuator”) has been observéd® In semiconductors these de- manifests itself in the properties of the phonon system. One
fects were identified with deep trapé.However, observa- example is the flicker-type noise of Brillouin light-scattering
tions of the single fluctuators in metallic point contatts, spectrum(BLSS) intensity, which was recently observed by
characterized by charge neutrality, evidenced the presence bfusha et al?° It is also important to mention the slow-
fluctuators of more general nature: some structural-disorderelaxation phenomena of nonelectric nature, which are ge-
induced defects with an internal degree of freedom. The exnerically close to the noise phenomena. Some of them were
ponentially broad relaxation time distribution is a re%altd  earlier shown to be evidently connected with atomic motion
an inherent property of any disorder. in double-wellvibrational states. In dielectric systems the

Two-level systems(TLS's) typical for the amorphous best-known evidences of slow-relaxation processes are the
structure and responsible for many of their low- nonexponential heat releae?3the internal frictior®* and
temperature properties are rather attractive candidates for tii@nexponential dielectric relaxatidf?®
role of fluctuators. Contribution of TLS’s to flihoise was The purpose of the present paper is to study some conse-
first considered in Refs. 10—12. However, the TLS concept isjuences of structural-disorder-inducgnt medium-induced
valid only for a low-temperature region. For the broad tem-noise for the phonon system in insulating solids. In particu-
perature range the more general model of structural-disordelar, we offer a model for the BLSS intensity low-frequency
induced fluctuators has to be used. Such a model was devédluctuations.
oped in Refs. 13,14 within a framework of the soft-potential In Sec. Il the general expression for the noise spectrum of
approach?® Fluctuators were there identified with double- some fluctuating physical quantity, influenced by the fluctua-
well interatomic potentials with moderately strong barriers.tions of the fluctuator occupation numbers, is obtained. Two
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channels of this influence are turned out: the fluctuations ofected by the electric field, one should take into account the
phonon occupation numbers directly caused by the fluctudeng-range electric field caused by the dipole moment of the
tors, which act as energy traps, and the fluctuations of strudtuctuator-induced lattice distortion. This makes the “effec-
ture parameters in the areas where fluctuators are positioneiive volume” much larger than the lattice constant

In both cases specific estimates within a framework of the 3

soft potential model are given. A brief discussion of this Q,~Cj[aln(d/a)]

model is held in the Appendix. In Sec. Ill a model for the even for the fluctuators of an atomic nature. HE&eis a

BLSS flicker noise is offered and an eXpreSSion for the BLsgonstant of the order of unity7 andl is the mean distance
noise power spectral density is obtained. In Sec. IV sometween the fluctuators.

concluding remarks are given. We will be interested in the temporal fluctuations of some
physical quantityd(r,t), which depends on the parameters
Il. GENERAL EXPRESSIONS FOR THE FLUCTUATING of the phonon system and on the structural paramfetaie
QUANTITIES will assume this quantity constant for a perfect homogeneous

Phenomenoloaically. any two-state fluctuator can be Ole_sample. Constantness is altered by the presence of disorder.
! -nologically, any 1 X . In particular, dynamical processes in disorder-induced fluc-
scribed by its interlevel splittinde and relaxation timer.

. : tuators influenced(r,t), causing its temporal fluctuations.
Distribution of E and 7 for an ensemble of fluctuators in a One can find two major channels of this influence.

disordered insulator can be found basing on some more Spe- 1,6 firt channel is due to fluctuations of the phonon tem-
cific model for these objects. For definiteness, our CalCU|aberatureT (1)
tions will be mainly based on the soft atomic potential pht -7 : , ,

model. which was s%mwn to be a successful tool th)) explain The second channel is due to fluctuator-induced spatial

. X and temporal fluctuations of the parametdr,t).
different phenomena both in completely amorphdfms a P
review see, e.g. Refs. 13,26)27systems and in For any application it is necessary to calculate value of

crystallinéd®%7systems with some degree of structural gis-2(1:t) averagedover some “active” volume?’, (see Sec.

order. A brief review of this model is given in the Appendix. lll for an example:

On the other hand, for some specific systems other models

for the disorder-induced structural defects can be relevant. @a\,(t)zf C®(r,t)dr. 1)
Besides the relaxation time and the energy splitting, each 7a

fluctuator is characterized by the value of local lattice distor- Considering the fluctuations @(r,t) andT,(t) as small

tion. This distortion affects the “local” values of any param- 54 linearizing Eq(1) in the vicinity of the mean value¥,
eter of solid, which, to say, depends on lattice constants.

Among those parameters are the sound velocity, the phonon Alr,t)=AQ+ sA(r 1),
density of states, the elasto-optic coefficient, etc. In what
follows we will be specifically interested in the elasto-optic To() =T+ 8T(t),
coefficient. )

In our model we assume that the presence of a fluctuator O(r,t) =0+ 5D (r,1),

i results, in particular, in a change of the local value of the (0
parameter, in general case denotedAés,t), in some “ef- Palt) = Pay + 6Pa(l), @
fective volume of a fluctuatorl}; . This volume depends on we obtain the following expression for the fluctuating part of
a nature of the parameteéy. In particular, if A(r,t) is af- the averaged quantity:

dD/oA
0 OTpr(1). )

A0) T(0)

SP(t) 1
f . 0

T =
o0 7,

P/IT
SA(r,t)dr+
0)

A0) T(

The Fourier transform of the correlation functi¢a® ,(0)5® ,(t));=((P,)?); has form

5,2 a®/ oA 1 2
<( av) >f:{ <(77f §A(r)dr > +
A0 T\ \ 7 al 7 f

(D)2 o
TWO_ qhannels of flu_ctuator_ influence oh are seen here phonon subsystent;;,, and the energy stored in the local-
explicitly. Now we will consider them separately in detail. jzed states/|s. If the whole system is closed, the total
energy# is conserved:

2 2

é’(b/&Tph
PO

((8Tpr)?)s - (4)

A0) T(0)

A. Phonon temperature fluctuations &= pnt £Ls=const. (5)

Let us consider a dielectric sample with the total volumeThis relation does not allow us to consider the fluctuations of
7. Its total energy” consists of two parts: the energy of the £, and Z, s independently, and gives
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S& (1) =— 84 4(1). 6 .
pr( ! Ls(t) © 578t =2, Eioni(t). (10
The fluctuations of| g originate from transitions in local- !

ized states. The spectrum of these fluctuations is expected to Combining Egs(6), (8), and (10) we obtain the expres-

be wide due to the expon_entl_ally broad _dlstrl_butlon of sion for the phonon temperature fluctuations:

double-well fluctuator relaxation times. Equati@ gives us

the fluctuations of’, with the samewide spectrum. 22 kBT<0>)3 -1

— g
15kB]( hs

2 E,on®(t). (12

An expression foZ,, can be written as OTpH(t)=

. (7 The power spectral density of these fluctuations is

1
No(wanh) + E

&oh= J dwgpy(w)hiw

Here gp(w) is the phonon density of states. If there are ((8Tn?)= 2_7727/( kBT(O)ﬂ 22 E-2<(5”(i))2>f‘

some fluctuations of/, on time scales which are longer P 15kg hs T

than the phonon thermalization time, we can express these 12
fluctuations ofy, in terms of phonon temperature fluctua- ) _ _

tions: Thus the quantity that characterizes the fluctuations of

phonon temperature is the correlation function of the fluctua-
tor level populationg (sn)?2); . If the defects are in equi-

INg(@, Ty
——= | Tt librium with the thermal phonons, this can be easily ex-

IT pn

0L pn(t) = f dwgpy(w)hw

T pressed in terms of equilibrium occupation numbers
272 [kgT(@)\3 n{)=[expE;/ksT?)+1]"* and the relaxation times' of
=157 | 75| keTu(D). (8)  the defects:
o . . 2 n(i)(l_n(i))
n the other hand, the energy stored in the localized ((on1)2) = 0 0 (13)
states/ s, is 24 (172
o _2 E.n( 9 Replacing the summation in EqL2) by the integration
“LsT 4 BN 9 over the fluctuator distribution functior(E, 7),
HereE; is the energy of théth fluctuator,n”) the occupation
number of its upper level, and the summation is over all Z <= [ dE| d77AE,7)- -,
fluctuators which belong to the volumg&”. Fluctuations of
#\s occur due to the occupation number fluctuations: we obtain

(6T 225 ( his \° el dr 5 T
T2~ 2797 kgT© f Ef TAE,7)E no(E)[l_no(E)]—(f7)2+l- (14
An order of magnitude estimate is
ST 2
%~./%(E~T<°>,r~f—1>T<°>(q$%>—1m[T<°>]—5. (15

Here gy is a characteristic wave vector of a phonon with~T(®). The relative magnitude of the fluctuations increases
drastically with the temperature decrease. Therefore, these fluctuation are expected especially pronounced in small devices
operating at low temperatures.

Within the soft potential moddkee the Appendjxand assuming the fluctuator density of states of the order of typical for
glasses~ 10> erg ! cm™ 2 one obtains fof~1 K and 7"~10° cm the temperature fluctuationsT/T(?)~10"5 .

B. Fluctuations of structure parameters

Let us find the value of the paramet&¢r,t) averaged over some characteristic volurig. Assuming that the contribu-
tions of different fluctuators are additive, one has

1 [ SA(r,t) 1 A _ o
A L—A@ dr~—— §i§ Q[AAP(1—n)+AAG N, (16)
Va7, 7,

HereAA(li) andAA(zi) are the corrections ta for the lower and the upper fluctuator states. Summation in thé1Byis over
the fluctuators belonging to the active regigri,. Fluctuations of the left-hand sid&HS) of Eq. (16) occur due to the
fluctuations of the occupation numbers). For the mean quadratic fluctuation Afone has



53 LOW-FREQUENCY NOISE IN A PHONON SYSTEM OF ... 5359

(5A)2 1 (AA(i)—AA(i))Z .
Ww/—.zZ 0F— qonz—((n")?);. 17

Replacing the summation by the integration over the distribution funct¢g, 7), and taking into account the explicit
expression, Eq(13), for ((6n)?); one obtains

((6A)?) 2 ((AA;—AA,)?) B T
(A<—o>)zf*Z(llA<—0))zz<Q>2f dEj dﬂf(E,T)no(E)[l—no(E)]”T)—erl

((AA-AAy?) - (@)
%W%{E~T,T~f 1)T<Q)%. (18)
|
C. Comparison of two obtained noise contributions the total volume of the sampleZ’, is the volume of that

Let us compare two obtained contributions to the fluctua2ctive part of the sample which contributes to the detected
tions of d,,. If @ is not too strongnonexponentiala func- ~ Scattered light. This volume is determined by the spatial
tion of T and A, the ratio of the first, Eq(14), and the resolution of the light detector.

second, Eq(18), noise contributions is The explicit form of the scattering tens&b(z(éx)w,
depends on what type of light scattering dom%nates. For the
7, 1 (002 Brillouin scattering by acoustic phonons one Has

7 {02 (Ap1—Adp)?)
(Q)%a7 ((Ad1—A¢2)%) (8X) 1= BunyUny (21)
One sees thaR as compared with unity may be both where¢,,,, is the elasto-optic coefficient tensor, and

small and large, depending on the parameters of the system

and on the temperature. Thus two noise contributions under VNo(@gq, Ton) +1,

discussion can compete. In the low-temperature region

hoton emissioniStokes,
[R(T®)>1] the contribution due to the phonon temperature U =i € / h % P ¢ >
fluctuations dominates, while in the region of high tempera-*” dyen 2p7 wq

. . VN T
tures [R(T®)< 1] fluctuations of® ,, are mainly due to ol@g, Tph), _ _
fluctuations of the structure parameter photon absorptiofanti-Stokey
The crossover temperatufg, between these two regimes (22)

depends, in particular, on the ratio of the characteristic volis the phonon-induced strain. Heeg are the phonon polar-
ume of the active region of the sample and its total volumejzation vector components, is the bulk density and and
For most experiments this ratio is much smaller than umtywq are the phonon wave vector and frequency, respectively.

SO thatTC( is rgthersmall and nearly in all temperature rangesNO(w,Tph) is the Plank function with the phonon tempera-
the contribution to the noise due to fluctuations of structurgre T o

parameters dominates. However, in small samples this ratio Botph the momentum
is of the order of unity, and the phonon temperature fluctua-
tions may become observable. ki=k,*q (23

and the ener
Ill. BLSS INTENSITY NOISE POWER SPECTRAL 9y

DENSITY 1= 0y * 0y (24)

Now let us consider a special case of BLSS noise. It isonservation laws must be satisfied in course of light scatter-
well known that light is, in the course of its propagation jng, wherek, 2 is the wave vector of the incidefgcattered
through a dielectric media, scattered inelastically due to flucpnotons; a double sign refers to Stokes and anti-Stokes pro-

tuations of the dielectric susceptibility. The general expresgesses. This restriction leads to a relation for the frequency
sion for the differential cross-section of this scattering in thegift of light scattered at some ange

spatially homogeneous systentis

d?c

S
w2 4 &i— & |w2—wl|=wq=2w1(6)VSin(t9/2)<w1=klc, (25
de(l)z_

wy . o >t
?) o) 7e2 QA —5— (02— w)

A wheres is the sound velocity, and the refractive index of
X |- 6x- €)% (200  the specimen. This shift is very small, as compared with
w1, for all possible angle#, and so we will not distinguish
Herew,,e; andw,,e, are the frequencies and the polar- between the frequencies of incident and scattered photons.
ization vectors of the incident and the scattered photons, ré=urthermore, in the experimentally actual temperature range
spectivelyc is the light velocity,®(#;) is the probability for we can consider this shift to be much smaller than the pho-
the system to be in a given stdi¢ with energy#; and 7"  non temperaturé&gT ..
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Using the high-temperature limit for the Plank function ((8155)?) (Ady— A b,)?
No(@, Tpr) ~kgTpn/fiwq and for the sake of brevity omitting ISC;%‘) 2f ~2< (;(0))2 2 >%E~T<°),r~f*1) X T(©
the dependence of the cross section, @€), on the photon (Mot )

polarization and symmetry of the medium, one obtiise (Q)
total cross section of light scattering in the form X<Q>77' (30
7
(mz)“?/'a KeTph 5 26 Finally, within the soft potential model we obtain
o=\|—| 7+ .
c| 4m 2ps®
g (815 2»} o PO (kA
Here and below we do not distinguish between Stokes and (|ts§o))2 ® 7 of (¢'9)?

anti-Stokes scattering components, neglecting unity in com-
parison with the large Plank factégT p,/fiwq>1.

The total intensity of scattered lighf;, can be expressed
as:

X

KeT(@\ 54 1|34
ot o

W |nm

Let us compare the obtained results with existing experi-
mental data on low-frequency BLSS intensity noise in
dielectrics?® Flicker-type BLSS intensity noise was observed
. _ _ o _ with PSD ~10 /f for a relatively large value of
wherel™ is the intensity of the incident light flux. 7,~10%cm?3. One may see that the model of “atomic-

Up to now we have considered our sample to be spatiallcale” fluctuators is hardly able to explain the experimental
homogeneous and the scattering process to be stationapgsyits quantitatively even for large fluctuator density of
This simple picture is altered by the presence of disorder. Iiates ~ 1033 erg’! cm3, typical for glasses. However
particular, dynamical processes in disorder-induced fluctuame very 1f spectrum of the fluctuations observed at rela-
tors can influence the total intensity of the BLSS, causing 'tstively small frequenciesup to 10 Hz) is unambiguous
temporal fluctuations. In order to avoid confusion, we wouldg,iqencé? for the effect of structural relaxation. We believe
like to emphasize here that we discuss 1/f fluctuations of thg 5t the large magnitude of noise observed is related to a
total intensity of the BLSS, that is, of quantityntegrated  ontribution of more complex structural defects like disloca-
overthe light frequency shifts. In principle, we could discuss o segments. Phenomenologically their contribution is de-
fluctuations of the form of the BLS8ne characterized by ¢ iped by Eqs(18), (30) with 2 andQ considered as den-
!lne_W|dth a_lnd line height. In thls_case we would show that 'tsity of states and characteristic volume of “macrodefects.”
is line height that fluctuates with 1/f spectrum, while the |, his case the rati¢Q)/ 7, can be large enough to support

linewidth remains constant, at least in the leading approxiy,e necessary fluctuation amplitude.

mation.
Turning back to the fluctuations of the total BLSS inten-
sity, we would like to determine, as in Sec. Il, two major

I=1"g, (27

IV. CONCLUSIONS

channels via which the fluctuations in question originate. In summary, we have shown that the slow dynamics of
The first channel is due to fluctuations of the phonon temdisorder-induced localized vibrational states may produce
peratureT ,(t). low-frequency noise of parameters related to the phonon sys-

The second channel is due to fluctuator-induced spatiaem of solids. The fluctuations of phonon occupation num-
and temporal fluctuations of the elasto-optic coefficientpers related to energy exchange between the phonon systems
é(r,t). and slowly relaxing degrees of freedom are considered and

In order to take these both into account we introduce theire shown to be pronounced at low temperatures and for
time- and spatial-dependent intensity of scattered light pegsmall enough samples. The fluctuation of structure param-

unity of volume,|°r,t): eters affected by the structural relaxation are studied as well.
A model for the low-frequency noise of Brillouin light-
4 k scattering spectrum is offered, which explains it as a result of
o @27 1 keTpu(t) . . :
159r,t)=1" <) 162 2p d°(r,1). (28)  the spatial and the temporal fluctuations of the elasto-optic

coefficient, determining the strength of Brillouin light scat-

) ) sc ) tering. The results are compared with the existing experi-
The total intensity of scattered lighf;(t) can be written as  yental data.
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APPENDIX: SOFT POTENTIAL MODEL

In order to describe the low-frequency vibrational states
responsible, in particular, for the slow-relaxation phenomena,

we will use the soft potential modéEPM). This model was

proposed in Ref. 15 as an extension of the well-known two

level system(TLS) modef for a more wide temperature

range and was further developed in Refs. 28,13,29,30,26,2
According to this model, the localized states can be de

scribed by the soft anharmonic effective potentials

2

+&

3 4

X
a

a

V(X):VO a

n (A1)

Herex is the generalized coordinata,is the characteristic
length of the order of interatomic spacing, aviglthe energy
of atomic scale £10 eV). The parameterg and ¢ are ran-

dom. In the region ofoft potentials {#|,|£|<1) the distri-

bution function of these parameters has the form

P(Uaf):|77|P0,

wherePy is a constant.
For €2/, <n_I| 5|, negativen and|»|>37_, where

(A2)

ﬁ2
2M aivo

1/3

= ~10?

is the important small parameter of the mod# (is the
characteristic atomic masshe two lowest levels in the po-
tential Eqg.(Al) form a two-level system with the energy
splitting E:

E=A5+A2 (A3)

Here A and A, are the asymmetry and the tunneling split-
ting, respectively:

W [¢] (Irzl)3’2
A~— — A4
\/577&? s (A4)
> 3/2
A(ﬁWexp{—£ m (A5)
3\

The characteristic energy/ is the interlevel spacing in
the quartic potential, EQA1) with »=¢=0:
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W=V 72~kgT(T~10 K). (AB)
The barrier heightg between two minima of the double-

well fluctuator potential, Eq(Al), for A<Vy is

sl

Ve= 4\

(A7)

At low temperatures the transitions between the levels of
the fluctuator occur mainly due to tunneling, while at higher
temperatures the transitions due to classical activation domi-
nate. The crossover temperatdigfrom tunneling to activa-
tion was shown to depend weakly on the fluctuator barrier
height and is given by>*

4VB 1/4
—) =0(W).

W (A8)

w
kBTC% ;
In our further analysis we restrict ourselves to the tem-
perature regiorkgT>W, which is more likely for flicker
noise experimentgsee, e.g., Ref. 200n the other hand, it
can be shown that at low temperatukgd <W, the physical
picture of noise in question does not change qualitatively
(see, e.g., Refs. 13,14In the regionkgT>W transitions
between the wells of a fluctuator occur mainly due to activa-
tion processes with a rate given by
Vg

ol

where 7, '~10'2—10"® sec ! is the attempt rate, ari@l the
lattice temperature.

The main quantity which we will need in our further
analysis is the distribution function of the variablEsand
7, AE, 7). It can be expressed in terms B 7,£), Eq.
(A2):

1 1
7T 7o

(A9)

AE,7)= f dr f dE£8(E~E(7,8)0(r— 1(7,8)| 7| Po,
(A10)

whereE(#n,£) and 7(#5,§) are given by Eqs(A3) and Eg.
(A9), respectively. Neglecting\y, which is exponentially
small for fluctuators with high barriers, we finally obtain

Po’?E/2 v
Wr w) o AW

which does not depend oB in a certain energy interval.

k

3/4( BT

r
In—
70

AE,7)=
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