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Reduced density matrix approach to phononic dissipation in friction
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Understanding mechanisms for energy dissipation from nanoparticles in contact with large samples is a
central problem in describing friction microscopically. Calculation of the reduced density matrix appears to be
the most suitable method to study such systems that are coupled to a large environment. In this paper, the time
evolution of the reduced density matrix has been evaluated for an arbitrary system coupled to a heat reservoir.
The formalism is then applied to study the vibrational relaxation following the stick-slip motion of an asperity
on a surface. The frequency and temperature dependence of the relaxation time is also determined. Predictions
of the reduced density matrix are compared with those obtained by using the Golden Rule approach.

I. INTRODUCTION tronic excitations in a metal, e.g., create electron-hole pairs,
or 2) it can create phononic excitations. In this article our
Friction and its microscopic origins have been intensivelyinterest will be in phononic dissipation. f=nw, wherew,
investigated in recent yeatsProgress in atomic force mi- S the maximum phonon frequency of the sample, the exci-
croscopy(AFM) has made possible precise force measuref@tions can decay only by the creation phonons in the
ments at the atomic scaleThese data, together with simu- S?mp'e% For largen, th's'. contrlbutlon_ls in general negh'-
lations, theory and ab initio force calculations have helped t@lble._Thu_s for small particles on a solid substrgte, for which
provide a detailed picture of frictiof*3 Much of this work the vibrational frequency of the adsorbate might be much

is concerned with the nature and rate of energy transfer fro !gh.er than the band of substrate mode frequencies, energy
lubricant layers or asperities into bulk substrates. The unde issipation from the adsorbate mtp the su_bstrate may be quite
standing of such processes has implications as far-ranging glow. For such cases, anharmonic coupling between the ad-
the design of solar collectoréwhere collected energy must sorbate and substrate gives rise to energy flow into the sub-

be transferred to the bulk before re-emission to the surrounds-trate' For example, for CO adsorbed on Cu, the Cu-CO

ings; to the understanding of reactions in living cells Cata-StretCh vibration is(=1.5 w, and decay by creating two

lyzed on small surface,as well as biomolecular motot§; phonons might be an important mechanism for the vibra-
and to the design of lubricants for industrial purpo¥es tional damping of the molecule. We will address the problem

many cases, friction is the result of energy dissipation b)Pf phononic energy dissipation in friction following stick-

multiphonon processes. We address in this article energy di§—|t')IO mo?hon Sf ag' a;jsoré):itetwk}ose wbrguonal frect:qouency I"és
sipation in a stick-slip model for friction involving small and above the band of substrate Irequencies, like ona u

sparsely distributed asperities on a surface. Previous atom rfgce._ In Ref. 23 two and three phon_on contr|but|o_ns to ;he
scale studies of friction assumed that the mechanical enerdj/SSiPation of the Cu-CO stretch vibrations was studied using

stored in the stick stage dissipates totally within the slip € GOldEn Rule_ formula. We will Isgjdgf_ﬂrciis ﬁnd similar
stage'’ Since the distance between the stick and slip stage%ys'[emS ere _usmq a more general Redfield theory-like ap-
oach for varioud)’s to understand the dependence of the

can be as small as a lattice parameter of substrate surface, i i h ling bet th I dth
how fast the stored mechanical energy dissipates is a centr jssipation rate on the coupling between th€ sampl€ and the

problem in achieving a microscopic understanding of friC_adsorbed atom. We assume that the adsorbates are sparsely

tion. In this work we determine the nature and calculate thediStribUtEd so that we can neglect interactions among them.

rate of damping of the adsorbed molecule, nanoparticle or IThIe :)rg;tz;nlztfitlon of tlh? pap?tlhs as ?"OV\(;S:dln Sf[’C‘ I, \t/v_e
asperity following the slip step. calculate the time evolution of the reduced density matrix

Relaxation processes of adsorbates have been studi%1iCh ".’IHOWS one 1o take into account all nonequilibriur_n
both theoretically and experimentallgee, e.g., Refs. 18— properties of a _system and also takes into acc_:ount possible
24). In most of these works, the authors used either phenomqpherenqe and mcoherelgci esz;(d:m _tgle pl)_roper_tles of derr]"
enological approximatiod or assumed that the system un- sgy T"ag'ces Ise_e, €9, Ie .)d' ossl g |Im|tSat|on|s”on t ed |
der study is at least at quasiequilibrium and used equilibriunﬁ) tained evolution are also discussed. In Sec. lll a mode
theory to study their propertié&%2223n this article, a Red-  SYS€M IS proposed which is relevant for the energy dissipa-
field theory-like approach is developér the derivation of tion in 'the stick-slip motion of atomic spalg friction. Th'S.
the Redfield theory and some of its applications see, e.g_rpodel IS analy;ed and the energy Q|55|patlpn theref_rom IS
Refs. 25—27 to calculate the time evolution of the reduced calculated by using the reduced density matrix theory in Sec.

density matrix of an adsorbate on a substrate within thév' Concluding remarks are given in Sec. V.

framework of a stick-slip model for friction. IIl. EVOLUTION OF THE REDUCED DENSITY MATRIX
Consider an object adsorbed on the surface of a sample, a
metal or insulator, with vibrational frequendy. In general In studying the dynamics of systems coupled to an envi-

there are two possible decay modeg:itlcan create elec- ronment, it is most natural to use the reduced density matrix
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(RDM) formalism. The RDMpgR, is obtained from the den- where the diagonal density matrix elements of the reservoir
sity matrix, p, of the system plus the environment by taking are defined as
its trace over the environmental degrees of freedom,
e FE
pr(t)=Tryp(t), () P(Ej)=—7—, (10

whereTr, denotes trace over the degrees of freedom of the herez—S e A&
environment. In the following, the indeR is omitted when- WNe€re£==;€ =-.

ever there is no possibility of confusion. Once the time evo-d Ur.ml this .poTt,htheho?ly assumptll?n madt;l IS tngththe
lution of the RDM of the system is known, the time evolu- 9€NSIty matrix of the whole system is factorizable which re-

tion of the expectation value of any observahl, of the sulted in a Iin_gar equa_tion for thg co_mponents of the RDM'
system can bg obtained as: y ka2 The applicability of this approximation should be studied

carefully. This assumption is valid only if there exists a weak
(O)(t)=Tr pr(1)O]. (2)  coupling between the system and the reservoir so that the
tensor product statédsj) can be considered to be nearly the

The time dependence of the RDM of the system can beigenstates of the whole system. If there is strong coupling

obtained from the definition of the RDM in E¢L). Let between the system and the reservoir, or if the “reservoir” is
a finite one, the density matrix of the whole system in gen-
H=H+H,+Hint, €) eral cannot be factorized and one has to do without this sim-

plifying approximation. This approximation should be valid

where s, 7, are the system and reservoir Hamiltonians,so"oyr study of phononic energy decay from an adsorbate
respectively, andH;, describes the interaction between coupled anharmonically to a large substrate.

them. We will assume, without loss of generality, that Now, the main task is to find a suitable approximation for
the tensoR /.55 (t). Once it is known, the time evolution

Hiw= > QcFs, (4) of th_e RDM can be calculated. Unfor_tunately, the expression

s obtained by straightforward application of the second order

expansion of the&s matrix yields a result which is valid only
if the time,t, is sufficiently short. To overcome this difficulty
we used an iterative scheme in which we calculated the ini-
tial RDM and then evolved it one step in time; taking the
evolved RDM as the initial RDM, we evolved it one step
Pap()=pap(0)€ a8+ D) Ryqrpp (Dparpr(0)e'@ast,  further. At each step, we evolved for a short enough time.
a' B’ Since energy is not conserved for finite times, one has to
©) impose energy conservation by hand. For this reason, the

wherefiw, 5= €,— €5 and the tensoR,,,:. 44/ (t) is defined matrix elements of;,; coupling states of different energies

whereQq(F;) acts only on the systelfnieservoij degrees of
freedom. The time evolution of the components of the RDM
is given by

as are neglected. The calculations are similar to the ones done
in scattering theory with the result
Raa';sgr(t)=; P(E))(ailS(t)]a’j)}(B'j|S"(1)|Bi) Pap(t+At)=p,a(t)e 0apdt
_50(0(’5,8,8’ ’ (6) + ,ZB, RMI;BB,(At)pa/ﬁ/(t)efi‘”aﬂm,

where the scattering matrix(t), is defined as 11)

. . i [t
S(t):elthotefllﬁthl__f dtrHint(t/) At , .
h 0 Raa';ﬁﬁ’(At):Féa—a’,ﬁ—ﬁ’(zl an Q'S/ 'BJSS'(tzDz’)
. SS
|

2 t 4
- _%> fodtlfo Aty Hing(ty) Hin(t2) +... (7)

1 .
=502 2 QPQss(w,p)
Here, H, is defined to beHo="H,+Hs. Also Hiy(t) ss 7

=gty e VMot and|yj)=|y)®[j) with, 1 a
n - E 5&&’2 2 ngQ;/’ JSS'((DVQ)) !
ss Y

Hs| y)= eyl ),
_ _ (12
Hili)=Ejli)- (8)
In the following Greek(Latin) letters will denote the system . _ ’ N\ ekigik
(reservoil degrees of freedom. In deriving this result it is Jss(@) At% PE)FSFy, (13

assumed that the reservoir is always in equilibrium so that . o o
the density matrix of the whole system can be factorized agvhere the prime on the summation in Ef3) indicates that
the sum should be carried out over states for which

(7vilp(D)] k)= SjkprysP(E)), 9  =Eg.
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Ill. THE MODEL HAMILTONIAN

a v
Consider an object adsorbed on a surface. Metbe the sample-II
mass of a reservoir atom amdbe the mass of the adsorbed \I_
object. Assume that the small adsorbate is bonded to a single
atom of the sample and the interaction between the sample
atom and the adsorbed atom is described by the Morse po-
tential, o
U(u—v)=Eq{e 27" —2e «U"v)}, (14)
whereu andv are the vertical displacements of the adsorbed | & v I
atom and the sample atom, respectivety. is the binding
energy of the adsorbed atom amdcan be related to the
vibrational frequency(}, of the adsorbed atom through
mQZ 1/2 I
a=|5e (15
Expanding the potential and retaining the lowest order terms,
c L gl
we get \Z o
Hin=Auw +Buv?, w M~ @
where g
A=—2E,d?, (17) !
B=—3Eya’. (18 FIG. 1. An asperity between the surfaces of two samples, one of

N h heu? btained f h . f th which moves with a velocity. (a) There is no interaction between
ote t_ at_t &y term obtained from t € expansion o the Sample Il and the rest of the systefin) The asperity is squeezed by
potential is not included. Such a term gives rise to the abborrugations on the surface of Sample II, absorbing some of the

sorption (emission of one bulk phonon and emissidab-  yansjational energy of Sample lic) The asperity is suddenly re-
sorption of two localized, atomic phonons. Since we are|eased causing it to oscillate about a fixed location on Sample I: the
mostly concerned witH)>w,, i.e., adsorbate frequencies interaction between Sample Il and the rest of the system can again
higher than bulk frequencies, as discussed below, we neglegk neglected. We focus on the damping of the vibrational energy of
this term. We note that fof)> wg, the uv term makes no the asperity by Sample I.

contribution to dissipation since it does not conserve energy,

and we only have thaiw? term. For the other casd)
<wg, the contribution to the decay rate from the term is
generally much larger than from the 2 term. The decay of

samples, Sample | and Sample Il, are moving on top of one
another with an adsorbed layer on the bottom one, and there
is no direct interaction between the samples, as illustrated in
: ) X 0f:ig. 1. Consider the case when the coverage of the adsorbed
the case wherd)<w, using only harmonic coupling has |,ver js so low that the interactions between the adsorbates
been studied by exact diagonalization of the Hamiltorffan. c'pe neglected, in which case one can treat each adsorbate

The calculated value for the decay rate in Ref. 28 is NOj,yenendently. Each adsorbate, or asperity is strongly bound
surprisingly greater than the value we have calculated in Seg, sample | and hence moves vibrationally about a fixed

\Y 2(by two orders of magnitude where we used only ';he location on Sample I. During the motion of Sample II, the
uv” term. In this article, we consider only effects of he”  j4qorhate or asperity on Sample | will be pushed and re-
term. We thus focus on energy dissipation for high-jgageq. The atom will be adiabatically pushed down, due to
frequency adsorbates, wheie>w,. Then the full phononic e \wedge shape or corrugation of the surface, displacing it

Hamiltonian of the system we study becomes from its equilibrium position and storing energy in it. Then it
is suddenly released. After its release there is no interaction

H=hQbo+ D hwy,bl by,+Buv?, (19)  between the asperity and Sample II. This stick-slip model is

ko relevant for energy dissipation through phonons in dry slid-

where w,, are the frequencies of the sample phonons witHing friction or lubrication, as well as for the vibrations of the
wave vchtork and polarization vectce, , andb andb,,, are adsorbed species. The character of the contribution of such a
g g

the annihilation operators for the phonons at the adsorbeffl€chanism to friction between the bodies would depend on
atom and the phonons in the sample, respectively. the rate of relaxation of this nonequilibrium situation.
Initially, the density matrix of the system plus reservoir is

IV. NUMERICAL ANALYSIS AND DISCUSSION the equilibrium density matrix
In this section, the evolution of the density matrix will be (e +E)
analyzed numerically. In order to construct the initial density -3 TR 20
’ . o1 TS p=2 laj)(ail, (20)
matrix, consider the following situation: Assume that two ] Z
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wherez==% ;e A(«"E) o denotes the number of phonons wherep,(0)=Z"13 ¢, 4C;, € Fea.
of the asperity anglis a multiple index describing the num- Following Ref. 26, we take
ber of phonons in each modkg, of the sample.

Adiabatically displacing the asperity would not cause it to

go out of equilibrium. The density matrix will still be diag- U= 1/2(b+b1-) (24)
onal with the same diagonal elements but in the displaced 2mQ '
basis
e~ BlegTE) A 1/2

Pzgj TM'J)(“'H (21) v=%: (m) (IS Y X (25
with the sameZ. The displaced harmonic oscillator states,
|a’), are defined as whereN is the number of the Sample | atoms agg is the

polarization vector of modko. As is pointed out in Ref. 23,
N ilhSP| o\ this expression fov does not account for the surface which
|a)=e"*Fa) Eﬁ CarglB), (22 might reflect bulk phonons, and also does not take into ac-

. . . . count any surface phonons. In order to evaluate the time
wheres is the displacement of the oscillator afdis the  o\0lution of the RDM, first the functiofss (W), defined in

momentum operator of the adsorbate. When the asperity igq_ (13), has to be evaluated. Note that in our casends’
suddenly released, the density matrix does not change, byt i5ke just a single valus=s' = 1. Using the expansions
now, in the absence of the external force due to Sample ”given in Eqs.(24) and (25), and choosing

the density matrix is no longer diagonal in the energy eigen-
states, and the adsorbate is out of equilibrium. Denoting the

RDM of the system right after it is released py0*), we Fi=v? (26)
have

e AletE) Q,=Buy, (27
p(O0)=THS o' i)(a'il=3 p OB, 1

(23 we obtain

Ng(w')+1)ng(w’ —
ju(w)=j(w)=0(w) (ng(w’)+1)ng(w'—w)

h 2
(—) f do'g(w')g(ew’—w)l

M
ho\? Ng(w )Ng(w—o’)
+(m) fdw,g(w,)g(w_w,) ° z/(wB_(Z)r)w

o' (0w —w)

(ng(w")+1)ng(w' —w)

o' (0'—w)

+0(—w)

fi 2
(m) f do'g(ew’)g(w’'—w)l

Ng(w’)Ng(w— ')

% 2
+(m> fdw’g(w’)g(w—w’) , (28

o' (o—w')

where the integration region in each integration is where the@incertainty relation. If one compares E@8) with similar
density of states is nonzero aad is positive. In this result results found in the literatur@.g., Ref. 25, there is an extra
we have assumed the thermodynamic limit and neglectetfctor of  which arises because of the assumption ftiais
O(1/N) terms. In this studyg(w) is represented by the De- large enough so that one can take the litritec in certain

bye density of states integrals. This factor is not related to the formalism but is
just related to the evaluation of E¢L3). Here, one obtains
302 ® an iterative equation for the evaluation of t_he RDM py sub-
g(w)= _3_9(1_ _) (29 stituting Egs.(28) and (12) into Eq. (11). Given an initial
wp wp density matrix at=t,, one can calculate the density matrix

at the timety+ At using Eq.(11).
where wp, is the Debye frequency, which isg, the maxi- The final result can be compared with the results in Ref.
mum frequency of the substrate. In order to obtain &8) 23. In Ref. 23 it is assumed from the beginning that only the
from Eq. (13), the summations over states are converted taliagonal element of the density matrix corresponding to the
integrations over energies and the integration region is chdfrst excited statep,;, is nonzero. In this case, the contribu-
sen so that only a small energy violatiohw, is allowed, tion of the other elements of the density matrix can be ne-
which is assumed to satistywAt=1 from the energy-time glected in the evolution 0f,;, and we obtain
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=
[
1
0 — :
0.98 . . . 0.0 0.5 1 1.5
0 100 200 300 400 olQ,]
1.00 :
o—e 007
—a O=0.6 FIG. 3. Dependence of the relaxation timepn the vibrational
: gi frequency (), of the adsorbate.
099 | — Q=0:3
E(®) e 0=02 For the numerical calculations, we used only a finite, 16
E(0) X 16, part of the infinite density matrix. This caused the ma-
098 | ] trix elements at the edges to evolve incorrectly. However, as
long as they are negligible compared to the matrix elements
corresponding to the first few excited states, this does not
affect the general profile of the time dependence of the en-
0.97 . . . R ; : : ;
0 50 100 150 200 ergy, which is mainly determined by the evolution of the first
{10™ sec] few diagonal elements of the density matrix. In most cases

after 300 iterations the matrix elements at the edge become

FIG. 2. Calculated decay profile&(t)/E(0), for theenergy of non-negligible. In all cases, we found that the excess energy
the vibrating atom for variou)'s. can be fit almost perfectly to the expression

p11(t+A) =p11(t) + Ri1.14(At) pyq, (30

which yields a decay rate R;;.;/At, which is nothing but

the result derived in Ref. 23 using the Golden R(d¢her ) )

than an overall factor of., as discussed earliefThis feature ~WhereAE(t)=E(t) —E(«). Here, 7 is the decay time con-

is quite general in the sense that as long as just the first fe@tant(or the relaxation time

elements of the density matrix are important, and for suffi- In Fig. 3, the dependence of the decay timeon the

ciently low temperatures, the results obtained using this foradsorbate frequency), is shown. In the graph, the frequen-

malism and those obtained by the Golden Rule are almosties are given in units d)q, the representative value of the

identical. CO-Cu frequency given above. We note that our calculations
We turn now to the numerical calculation of energy dis-only include cubic anharmonic coupling of the adsorbate to

sipation from the asperity into the bulk following the slip the substrate. This is reasonable wHen> wp. When the

step. For the numerical data, we have used the followingdsorbate frequency is smaller than the Debye frequency,

values: Awp=37.6 meV; M=28amu; m=28amu; A{)y indicated in the figure, the plottedwill be too large, since

=46meV; Ey=1.8eV; F=10 1N andT=300K. HereF  we have neglected linear coupling terms, which are impor-

is the maximum vertical force applied to the adsorbed atomant when Q<wp. We nevertheless include the regime

AE(t)=AE(0)e Y7, (32

and is related to the vertical displacemegtthrough where(Q) <wp to show how the cubic anharmonic contribu-
tion to 7 varies in this regime, though the focus of this study
F is where the adsorbate frequency lies outside the band of
ST maz? (BD  substrate frequencies.

We see that both for larg@ and small(}, 7 diverges. In

We vary the adsorbate frequendy from 0.2)y up to  the large(} limit, the reason is due to the phase space factors;
1.5X),, and take the iteration step to Be=Q"1. We in-  the two phonons created or adsorbed have to be in a band of
troduce these parameters into Efjl), which we then solve width 2wp—Q which goes to zero a§l—2wp. For
at each time step\t. >2wp, the adsorbed atom cannot decay through the emis-

In Fig. 2, we have plotted the decay profil&(t)/E(0), sion of two phonons and one has to consider three or more
i.e., the time-dependent energy in the adsorbate mode ovehonon processes. In the sm@llimit, the coupling constant
its initial energy, for various values of the adsorbate fre-B becomes very small and the system behaves almost as if it
guency,{). In each case the range of the time axis correds isolated, and cannot decay. In Fig. 3, one also sees that in
sponds to 300 iterations, each iteration corresponding to the regionQ)=wp there is an interesting variation in For
time of @ ~1. The exponential character of the decay is clearQ) < wp there is a contribution to the decay process whereby
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TABLE I. Relaxations times7(T,{)={),), calculated for vari-  tially from the adsorbate into the substrate, using the reduced
ous temperatures by using RDM and the Golden Rule approacfiensity matrix formalism with anharmonic coupling and a
when the frequency of the adsorbate is fixed)at (). range of parameters that includes those for CO adsorbed on a
Cu substrate at room temperature. We have also pointed out

T(K) RDM(10™*se9 Golden Rule (10™sec) the limits of the Golden Rule approach used for a similar
100 4.48 1.10 systemz.3 At temperatures above 100 K additional elements
200 3.63 0.44 of the density matrix contribute to the dissipation rate, con-
300 1.40 0.28 tributions not embodied in the Golden Rule approach. We
600 1.20 0.11 found that the Golden Rule approach overestimates the dis-
900 1.12 0.05 sipation rate at high temperatures. Our model is basic and

incorporates features common to important energy dissipa-
tion problems of various systems. By implementing the
the adsorbate absorbs a low energy phonon from the sampéample specific conditions one can extend the model to study
which unites with an adsorbate phonon to emit a high energyarious problems. Here we make the following comments:
phonon into the sample. This process is absent wflen (i) Our work provides an atomic scale theory explaining how
>wp, Which causes to rise when() exceedsop . We note  and how fast energy dissipates in friction when adsorbates
that this rise, followed by a drop im with larger(}, is not  are both small and sparsely distributed. When the adsorbate
affected by the neglect of linear coupling terms since thigs small, the adsorbate frequency may lie outside the band of
interesting nonmonotonic variation efwith () occurs where g psirate frequencies, and the anharmonic terms that we ex-
the adsorbate frequency is higher than the band of substrafgiciyy take into account here will lead to energy dissipation.
frequer_lues. . Because the adsorbates are distributed sparsely over the sub-
g decvsas e roqsoney deperdence of 8l an et acions e acomaes
' ' " ~'addressing the energy dissipation from each one. In this case

the temperature dependence of the dissipation rat . . Lo T
Two questions which have a close bearing on the frictior‘?he model can be applied to describe energy dissipation in

are how the relaxation time varies with the local temperaturéxhe boundary lubrication in low coverage of lubricant mol-
and to what extent the temperature dependence is takéifuleS attached to a surface. For high coverage, one has to
into account by the Golden Rule approach. Since the lattefonsider adsorbate-_adsorbate |nteract|on§. Our work comple-
is only an approximation to the RDM, it is useful to compare MeNts & number of important recent studies that address en-
the temperature dependence of the relaxation time predicte?9y dissipation by phonons through films of lubricarits
by RDM with that obtained by the Golden Rule approach,and through the collective motion of asperitfesystems
as in Ref. 23. This way we also expect to reveal thewhere the interactions of the physisorbed or chemisorbed
limitation of the Golden Rule approach. To this end,adsorbates give rise to collective excitations involved in
we calculate 7(T,Q=Q,) by using two different friction. (ii) In the model described in Fig. 1, a corrugation
approaches, i.e., RDM and Golden Rule expression givein Sample Il first increases the potential energy of the
in Ref. 23. Results of our calculations are listed in Table l.adsorbate by squeezing it, but as soon as the corrugation
It is seen that 7gr(T=900)/7cx(T=100)=0.05 and passes over it the adsorbate is suddenly released exciting
Trom(T=900)/7rpm(T=100)=0.25 and also 7zpy(T  phonons. The energy of these phonons dissipates until
=900)/rgr(T=900)=22.4. The conclusion that one can de-the next corrugation starts to squeeze the adsorbate
rive from the results is that the temperature dependence @fgain. Obviously, this sequence of events gives rise to
the relaxation time is underestimated and the dissipation ratée stick-slip behavior for the usual elastic constants of
is overestimated at high temperatures by the Golden Rulthe metal samples and adsorbate. We note that the model
approach. treated in this work is also suitable for a blunt AFM tip
having asperities consisting of many atoms. As for the sharp
V. CONCLUDING REMARKS AFM tip having a single gtom at the.apelx, the model _is
applied for the apex atom if the local vibration frequency is
In this work, we developed a formalism based on theabove the Debye frequencyiii) Generalizations of the
reduced density matrix to study the dissipation of excessnodel and the theory presented in this work are relevant to
energy of a vibrating adsorbate into a substrate followinghe growth processes of a crystal. After the deposition the
compression by another surface, as depicted in Fig. 1. Owmdspecies migrate on the surface by dissipating their kinetic
focus was on adsorbate frequencies that lie outside the bamhergy and eventually they are adsorbed at a local minimum
of substrate frequencies. In this case, anharmonic couplingf potential energy. An adatom also moves from one position
between the adsorbate and the substrate controls the ratetofthe other by the thermal excitation to participate in either
energy dissipation, and we introduced cubic terms explicitlyepitaxial or island growth. In the course of all these events
in our calculations. This work presents an extension and gerand processes, the dissipation of the energy of the “hot”
eralization of earlier work in which a Golden Rule formula atoms is crucial for the atomic scale mechanisms of crystal
was used to calculate the rate of energy dissipation from agrowth.
adsorbate following the slip stép.In that work, the adsor- In summary, the theory we have presented provides
bate was linearly coupled to the substrate, and anharmonec clear picture of phononic energy dissipation
terms were not considered. In this article, we found that athrough a nanoparticle, and allows quantitative analysis on
room temperature excess energy decays essentially exponehis scale.
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