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- The particleu '- d-nsi-l:;r " nuntuat:.nna SR

a:mmalnusl:r grzat as compared with. Equilihrium ones by a rautur P

of more than 102, were observed in a Iar—fmm—equllibrium
rarefied. Xe gas j_nteract_ng witn its multilayer adsorbate. The

density-density autocorralation Immtinn wau found to exnibit a
-1

mazimum at the II‘“DUEHGF w3, 3+10° 2 sec” '.The = phenomenon - :
disoovered ocould bé explained as a result of the 11011'3(11-1111hr11un
phase transition in the adsorbate controlled by the flux of g,:]sl. ":_':
molecules. H:.nmacopiu meuh;a:uﬂm of ﬂuntuationu iu El.lg,g‘eated.
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A bt During mmt }'r.m thu pmhlm ‘of rough- aurface -
’ ';.f'-g':ﬂﬂ'l bubjcoted to . .fu‘-frm-aquﬂibrim conditions has
'_"-“‘.lttmtnd. “great int:reui . § B 71.. ' The. intarf:nc growth
!_'“;'uhamturimud by - :Lnturfnnu height ﬂuntuttim <(h~ (h)}z}i"rz"
::"averagud -over the’ ‘surface has been- of pa.rt.mu.lar ‘interest of

the maalruhcu. ‘For ﬁxmpln, this value has been measured in

= eleutmuhamiul depanitinn I71. But the d.?namiuu uf "spatial
nonuniformities rise and: relaxation . nn ~rough- surfaoe has not
.. been, “studied yet. - It . should be’ noted. ‘these - epatial
., monuniforml ties are examined ounrentmnally as interface height

fluotuations, but - hmaftur ther m nnnuid.umd as rluut.uatmns-
of particles density. - N e Pra it AR, A R :

- . We present here. ‘the prelimmarv resu.ltu of investigdtmns
of. a dynamios of part:l.nleu density. fluctuations on surfaoe in
new experimental  positins. . Our. aim' was .to investigate .

~ fluotuations .in. a oloced Iar-fmmﬂequllihr-iun utationary system

"gas - multilayer. ad.m:r-bnte. ‘A8 the number of partioles 'in suoh
eystem: is pnnstgnt, it ,-Jm.l_.ld_hu, u_uppaued that fluotuations of

" partioles number  in: the adsorbate result. in' the rise of

pressure - fluotuations ~'in = gas. phase.  We ' di=oovered ' such

- fluotuations for xenon. coverages. 1argur than the-oritioal value

3 B «1. The fluotuations were observed. under thc oondition of

% gau nonequilibrium when the moleoular flux towards the surfaoe

covered by adsorbed xenon exceeded the equilibrium value for

" surface temperature. Earlier the alterations in isotherms of

multilayer xenon and argon adsorption' caused by the roughening

transition.were observed in Refs. [8, 9). Unlike these works we

present the results of the dynamios. of surface. fluotuations:

investigations for multilayer Xe adsorbate. They were performed

. for a large soale of values of partioles fluxes towards the
' .surface and partiocles density of adsorbate. The theoretioal

analysis of the phenomenon fulfilled within the framenork'ofi
the - density funotional ' technigue - [10} ' resulted in 7
poseibility . :le explain . qualitatively . the . eauenhal
peouliarities of the experimental data. ' |

The system examined is the highlr rarefied gas in J
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gap hetueen -uuld. {tenpmhm '1'1} nnd hnt (‘1'2) pla.teu mr.l

adsorbate on the Burface -of oold plate. The .deviation of the

value of the gas . flux. towards ‘the ocold surface from .its .

"equilibrium one ( the degree of non-equilibrium of ‘the system)

is determined by the temperature difference QT-TE—T.I. To oresate
suoh oonditions speocial devioc was used. It was mounted in -a

stainless-steel ohamber with the volume of 300 om3. The devioe £l

- construction was desorived in details in Ref. [11]. It is a
flat temperature sensitive element (hot plate) placed in a gap
between two maccivo . stainless-steel plates {oold ‘plates)

oovered by Au film.- The thermal - alument is. a thermistor formed
by Au film depnuited in”® vaouum on the both sideu of miog plate -

(40<50+5:10™ ‘mm’).. The distance between the thermal element
. and ‘eaoh of tha plates equals O. 12 ‘om. The ‘temperature of the

- element was varied within the range 78 - 300 K and oontrolled :

by means of thermistor resistance measurements. Stainless- -steel

.plates were in good heal uuntant with 1liquid N, thermostat and . B

their minimum tmnpemt.u:\a was 78 K. This temperature oould be i

‘regulated with the help of a tungsten heater and was measwred .

with a platinum thumiutnr.-. Analogous devioe was used for the Gl i
system pressure measurements. Pressure was -also measured with

standard thermoocouple and ion .gauges. These gauges allowed to
register prersure fluotuationhs within the r-an,ge of {(10™4-1078)
Torr at the mean pressures in.the range (10~ 210" ] Torr. Their
response times were within the range from 0.1 up to 10 meo.
Spurious noise didn't exoesd several percents of fluotuations
value in gaseous phase. Gas-oomposition ocontrol was oarried out
using a mass-speotrometer. This device was.a,;u& used to oontrol
the composition of the adsorption layer by .the themdeuorptian

method. The system was -pumped at a temperature of 300°C for 48 _‘ .
" hours. After that the pressure measured’ value [ion gauge} was

rmmd to be less than 'ID“B Torr. . - | .

- Por neruul ulueu .of. Xe' uoverage B BE: thu onld ; ;
surface within the range from- 10" -1 to ‘IlIZII‘L monolayers we got the :

time dependenoe p(t) of gas phase pressure. Fig.1 shows the

pressure 'ﬂuﬂtuatinnu__- dependenocies Op(t)= p(t)-<p> (<p> is the

-
i bty . ool ] ]
o b



. the don jpugu under the" nonditinnu 8 -m“' mnula;,-em, <T8 K
Fand’ T, .qmn(a) zm-x, (b) 14D K, . {0) 78 K. Undl:r' such
mﬂtim mean’.system pre.-unuru “wWas. . E 510 3 Torr and xenon
f:_. adsorbale on ‘the ocold surface was in uolid‘. stal;e. ‘Analogous
dapand.enaiul {but emoothed over: raaponu time a.boul; 10 cco _for

;, .-_.;-,theml element ) were obtained with a upcuia]. highly sensitive -

. £ilm. thermistor, IHJ desoribed above.’ Fig. % demonstrates - the
denr-aau uf hot surface’ tmpautum ‘r2 from 280 K down to.140 K -

:-euultu in uisnificmt deoreass of fluotuations amplltuﬂﬂ (by a -~

fautor of - m}.-‘.l'ig 1(o) " is. -for . equilihrtm gas - — adsorbate
< u;.rutem. The . riuibla rluntuatim are appmntlr due tu spurious

ilae e nhnuld be ‘noted ! that . in" thie oaee numerioal

estimationu of equilibrium flustuations give the valua of about
10 ~id Torr. It was found that for temperatures 'l‘ = T8 K and 'I'E

_ = 280 K the value of pressure fluotuations is anomalouﬂy grl.-.at

when xenon nuvarage exoeeds the oritical ?alue E » % 1. 4t ©.
greater than - Bm, tha alterations of noveraga r.ion t result in
‘ohanges - of the mean: value: <|Op(t)|> ‘of pmuuure rlur:tuatmns
‘The value {!ﬂp{t)h denreauen by & faotor of 102 for 8 < 9
~In ‘this naue the: dcpendenue Sp(t): iu similar tnr the dependenae 2
pmsented in :hg Hoi for any valueu ur TE' e S il : ;
Autnnnmlation funation S{t} of preaaur& rluntuatinnu was -

aalnu.lated. in auuordanue with ‘the tnmula. i "':-'- AR .
3 -I:I“ s !_ II._.' '_.__ _.. ¥ i -. : ..1 -_-_'-.. 3 “1 - _. __ 'l_ ! . i e &
s{ma [1-;::1;«1112:ﬂpm;aptmnm i i ()
A o bl iniag R

o 'I'h¢ ‘value of T (about ¢ ueu} waa leuu ‘than the
”-'charauterlutiu time of ‘?151h1e fastest pressure fluctuations. .
The . experiment duration = Nt (about T- 103 8seo) exceeded the
;ohmuturmtiu time of the slowest rlunt.uatiuns observed and
ite . further inorease has - not -resulted in  changes of = the

" .. dependenoe S(t). The _Fourier transform S(w) of ocorrelator S(t)
- oaloulated for data obtai.neﬂ under the oonditions 8 H:I*’I T.= :

L 1
78 K, T,= 280 K, <p> = 2.5:1072 Torr is presented in JFig-2. A
loual max:lmum nenterad at the freque.nny W, « 3, 3 10 2se0 1-_'on

'._~'



the background of monotone dcoreasing uf.S(m] is f.i.lnarl.]r Been. :
Foesible mechaniem and qualitative deanrlpt:.on of c:-bue:wad
phenomenon is ooneidered below. - - : ;

The experimentally observed part:l.a].i-m d.#nsity ﬂuntuatlonﬁ
in gaseous Xe oould be explameﬂ assuming that a nonequilibrium.
phase transition into. inhomogeneous state takes place in the
adeorbed Xe upper monolayer. Thaﬁt_ t:*-_anﬂitlon i= oontrolled by
the flux of moleocules '_tuwarda “the surfaoce determined by Jtlic_
temperature difference of hot and ocold plates. As the system is .
olosed it oould be suppc.tued ‘that the- IlucLuaL'ths in the gae
phase are due to the- partiﬁlen d,ens-l.t:.r l'luc.tuatmns in the
adsorbate. Note that by ~virtue of the faot that the waoanoy
formzation energy in solid Xe (E =0. 03 eV [12]) is a emall one
the subsurface layers of Xe (when B}H] are ens-:nt:l.all;-,r rioh in
vaoanoies (nv/nz'lﬂ E}. As a oonsequenoe of the notavly fast
esocape of vacancies from the first. mmmlayer ( wr=10 7, where
is the ﬂharaatemstm Iluutuatmnu frequenoy in gaseous phase
and T tre oharaoterietio vacanoies ‘esoape time, T = 10 EEEHJ for
T=80 K [12]) the vacanclea dietribution in Xe hlm for @ > 1
'is determined by faet vananoiee diffueion and gaseous flux
towarde the film. A8 a result for fairly large 8 the mean

- partioles oconcentration in the upper monolayer is. independent
of 8. For 0>>1 the investigated fs:;rnl;em oan be considered as a
eystem with quite a "friable" near-surfaoce layers and the slow
fluotuations oonsidered oan be treated .as those ooourring
within the upper monolayer and in the gas interacting with it.

Now let ue find the particle-density fluotuations in the

adsorbate. Por this purpoua we use the mlaxatm-n equation for 3

an arbitrary denﬂit;r u;rst.em. :

En_[str-r' A= t'}ﬁFdr’d.t'ﬂ'a, TR S, S e
at _ Ehea

where n ia_ the partinlea :numl_:&:- densi’hy in the upper monolayer,
€ - the kinetio ooceffioient, 7 - the stioking bmﬂfiuient of
partioles to the surfaoce in nonequilibrium system and F is the
free energy of the dense eystem [10). The value of j ie defined

&



b '_-'rér'- ‘a utrong rururiad.gas by’ an atﬁ?eunidh given in Ref. [13]

;]-J--J =KH n-(am .fmj”? ”2{'13”2 ”31 d/eY: - (3)

"where v and -J’ eq are ' the ‘moleoular: ﬂux_uu towards the oold
'uurrnoe '_roﬁ'_ the. nnnequilibrium ‘and’- equilibriwn  eystems
'respeutivuly, tha part:.ulﬂﬂ nmber tiﬂnsil".y' in the gaé
phaum_ ; : Yo e o o .
.- vl B - ahnuld be nnted t.'nat in equilibmum {3=0) 'I;he equation
2 [E} demmhes both the: prooess ‘of partiole ~esoape from the
' surfaoce and- ar_r‘lval_d.uﬁ Lo “Lhe presence of an -&quﬂlbmwn vapor
over the surface and of an -equilibrium dJdistribution of
‘vaoancies in {the ‘multilayer adsorbate. The unknown kinetic
koeffioient € in Eq. '{2}' ocan be oaloulated ﬁy' comparing in
“equilibrium (J=0) : thc Eq {E] wlth the cqua.t.lﬂn fu:r.r n in the
gau appmxuuatlnm ik 5

e

At

' where D is “the -diffusion. "ooerriuieq't _of adatoms, a ig tho
: frequenay of partioles esoape into. the gae and the second layer
of adacrhatﬂ. Jq' is .the equilibrium upper. mn:rnuiax'ar density.
Taking into acoount  the ‘oonneotion. between’ the free energar F
. and the re&pnnsa funntinn ﬂ{r '} [1|‘H1 e =

Gn(r}ﬁn(r'}

" and pr_a-:eeding to _F_-:mpler t'r.-'r_nmfom _nn:e oan write:
e(k,w) = neqt,ﬁ-miwfﬂ'};. T L S, Sl T g 16)

iﬂ the reapnnﬁe r-..mutmn for

where k is a wave .vaatbr, ﬁeq

n=n_._. ;
eq -

To find the speoctrum of partiocles density fluotuations in

. the adsorbate it is NEOCGGaLY to find the stationary solution



(n = n,) of Eq.(2). Tt could be obtained from the equation ' . '

. #.- i .-
)

Hhen Eq f3} iﬂ Buhutltutud into Eq (1} we " ﬂhtain. the_:?'; :

nonequilibrium phase diagram for aduorbate in the vavm‘blcn n,_',-
T;y» T, and the gas parameters. .' e ST TR :'u.-_ ; 2

{21 permite to nanne.at the 5peatrum -:rI ‘the partmlaa'l
denuit;.r fluotuations in the:upper monolayer (On) with the flux- ' =~
fluotuations (0j) and hence acocording to {3} with the ‘speotrum -~ .

of the partioles density- ﬂuutuatmnu in the gaseous phase
- (8N). In faot, auswnmg n=n +0n, j= ;| +Oa, N=N_+ON we nbtﬁm. s

. CONON>, -(E ﬁ'2+m?3ccnan>m/x21? ’.*- e [a;*“-'_
where ﬂ is the response funotion for n=nﬂ. The - speatrum or .
partiocles density + fluotuatione - in 'ﬂ'ué'- adunr-bate oan ‘be
ocaloulated’ utartin.g Imrm ‘the mlaxatlm equatmn (2): wu.h the :_~
help of introducing a noise term mtn Aits right hand side [14].7° ' “
Averaging over the surface S unvered '-h;r adsorbate by means of =
~ the proocedure deuurl‘bad in Rer., [14] we. nhtain the rollowmg 7 e

expreuuian' iy ;
<Ondn> -{nf?m}uz Em{k) ‘e —m k}fEhJ] dk n ,fs f9} o
T IP( l ( ] :

where (k) is the relaxatmn Imquenﬂr or denslb:f Iluutuatmna'_

gnlkly 7. R0 Tt e : B
mma*hfmhmmn;umhmmkmmL'_twr}'

Hcr‘e D(k) a.nd a{k) have a meaning of thﬂ erreotue

diffusion umf!iuiunt and " of - the effeotive frequenoy 5 AN

Fartioles esoape, respeatiuly,- Inr- ml.arautmg adatoms. The

value W {k} ie the uharauter:.utlo time for - the partiale to

stay in a partioular surface regi-:m with the dimension of r A
2%/k. Its dependence versus k- reuulta from - the mfluenm: uf'l"

partioles interaction -on - the potentlal wells  depth - ll'tu"

diffusion in upper monolayer and for esoape from it and since
on the pmbah_i‘titr of partioles esoape from potential well. The

r— 4
" e
'

e 7 s
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.-"féxbnﬁcnﬁialiﬂgpcndencé'ﬁf'the d&uérptibn~pfuﬁahility upon the

“depth of the hotcnt;al'well ocauses the inorease of fluotuations
'value’- . as - .ocompared with o equillbrium one - for the
upane—inhnmngenaous atate of adsorbate. Eqs.(8) and (9) give a
possibility. to analyze. thn Ieatureu' of the fluotuations

= - ohuerved in our uyutem.,u. .

e So:we have .

c L To get autlmates one should aaluulate the effeotive |
".dlrrunlon unertinient Lﬂ tha random phnse approximatiun [15].

EER

: I D(k}-D{i+n Y(k}fz'l' U.;l, .. i ! .. s (11)
nhere Vik) is the ?ourler tranaform of the pair 1ntcrant10n

- potential V(r),.u: the 1nt=np1anar distanoe between adsorbate

R mnnalayera. The pair interaotion of noble gaa atomu is usually
" .desoribed by.a Leonard-Jones type potential [12]. Por the sake
"+ .of simplioity we use a type of uquaru wall apprnxlmatlon of the

., interaction potuntial*'-

Yo ¥(p) = { B, am, e O U o)

" S - B
Sl Al L s

s o W rbh,

: "-:-'.He:-e E4-100 K, as5 X, beg K. A e

o - The’ value l{hl was nbtained uning the oondition of
: 'maamsnop1u s;.rutum utahllz.ty that is ?{knﬂ})ﬂ and it formed the

N ah value ANQOD K._

.2 The dependannc of u{k} muut take into account the inorease
L Y aharaater;utiu partialg_r@u1d¢nne time for large spatial
soales (k-0) due to thc'emergenna of an atfrauti?e mean field

jff in a dense ndsurhata. For u1mpli¢ity it was chosen in the form:

BTyt i g peagh® (e i) L )
fwhere “u and a are the oonstant valueu. B ;
. The rnurler transform Vik) - ut the patential (12) exhibits

at k # O the first.minimum at k__ ~ 1.1 11, As it follows from

 BEq. (11) for temperature T1- 78 K the diffusion ooeffioient is

- vanished (oritioal  slowing-down) at k = Kk, on it %?rtiuleu
. ooncentration in the upper layer Dy * .2:10 4 om™ , which
| .oorresponds to about one monolayer. So the relaxation frequenoy -



g iy gt L Ve

(1'5] of ﬂuﬁtﬂations”nn(k ] in the uurraue regiun w:.th thn

charaoteristio size r & z‘l:fk is determined at n = ng onllf by
the esoape rmquenny a.(k } of partioles from: the ‘upper .
monolayer. The fluotuation upantrum <Ondn>,, caloulated with the

help of Eq (9). is presented in Fig.2 (uolid ourve “corresponds
. to cr.D-E i;’nen ‘and  a,=100 12) The maximum in fluotuation -

speotrum <Ondn>, and consequently in the fluotuation speotrum

of partioles nmbur density in the gas phase <ONON>, is due to ©
the oritiocal slowing-down of the difﬂmion_ mode for k=km_ whioh
oorresponds to the poesible formation of olusters with the mean
gize s, = 2'!:;"1: and their slow deua:f during the adatoms

I‘Eﬂlﬂenﬂﬂ time at ‘the surface T o a (knr). As it was noted .

above the steady oonoentration {nm,] of particlee in the upper
monolayer is independent on ©. Consequently the oritical |
Blouing—dﬁm of relaxation of density fluotuations ﬂ“(kur)'
when D{k } = 0, must take place for any quite large coverages.
6 and t‘na oharacteristio relaxation frequency wouldn't be on 8
dependenoe. It was observed in experiment. : ' _
The oharaoteristio frequenoy for the maximum in the
speotral density. of K_e pressure fluotuations to appear can be
. estimated based on the W versus k dependence: W « m:? « . The
~diffusion coeffioient value for- Xe in the solid phase at the
temperature T « TB K i8 D « 10 zfﬂeur and k « 1 &1 whioh -
results in the value of the rrequenuy W e 10 -2 geo” . This
frequenoy value coinc:l.deu m.th the reverse llfe time .of Xe atam
on the surfaoce. - . :
Thus the dﬂpanﬁenuieu {BJ ‘and (9} give a qualitati\re
desoription for low frcqucncies of the fluotuations speotral
; Eﬂgnni ty in the gas phase ae measured in - the ‘experiments.
: The authors are grateful to- Dr S.Yu. Krylov for his
aotivity - at experiments, Prof.J.J.M.Beenakker - and
Prof.S.Ph.Timashev for fruitful.disoussions of the results.
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